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Abstract 
 
Here, the synthetic methods of luminous quantum dots (QDs) and their application for the 
quantum dot light emitting device (QLED) were introduced. This dissertation composed for 
the two parts, the metal nitride QDs synthesis, characterization and their application for 
QLEDs with the perovskite QDs (PeQDs) synthesis, surface treatment, and their application 
for the PeQLEDs. 
Normally, the Cd and Pb chalcogenide semiconductors utilized as the QDs materials. 
However, the Cd and Pb were regulated from many countries. For the replacement of the Cd 
and Pb based QDs, the heavy metal free materials demanded for the next generation QDs. 
From this necessity, the metal nitride chosen as the next-generation eco-friendly QDs 
materials. Also, the metal nitride QDs utilized for the III-V QDs research as a model system. 
The combination of the metal and nitrogen precursors focused for the finding the novel 
synthetic routs of the metal nitride QDs. The metal nitride had prominent stability with 
optoelectronic properties. However, the synthetic methods of the metal nitride not yet 
optimized from the low reactivity of the nitrogen sources. Normally, the NH3 gas utilized for 
the metal nitride material synthesis, but this gas phase precursor had hardness for the exact 
quantization of the ligand quantity. Also, the complex synthetic pathway with low 
optoelectronic quality of the conventional colloidal metal nitride QDs hindered general usage 
of the metal nitride nanomaterials for optoelectronic applications, especially QLEDs. The 
conventional QDs, which composed for the metal chalcogenide or pnictide, had liquid or 
solid phase anion precursors. For correct of these problems for the synthesis of the metal 
nitride, the solid state and/or liquid state nitrogen sources utilized for replacing the gas phase 
NH3 source. For the band gap control of the metal nitride QDs, the quantum confinement 
effect, host-guest energy transfer, and the metal alloy ratio control were utilized. From these 
approaches, the red to blue emitting metal nitride colloidal QDs realized via simple 
wet-chemical methods. Also, the metal nitride QLED was firstly realized from above 
luminous colloidal metal nitride QDs. 
Secondly, the CsPbX3 PeQDs synthesized and their surface treatment methods developed 
for the optimization of the photoemission properties. The PeQDs had weak binding strength 
between the surface binding ligand and the PeQDs. From weak binding strength, the surface 
binding ligand easily detached from the surface of the PeQDs. Striping of the surface binding 
ligands induced surface defect sites, and these surface defects caused the non-radiative 
 iii 
recombination. For the correct of this issue, the ligand assisted post treatment (LAPT) and the 
ligand assisted solubility adjustment (LASA) methods developed for the preventing of ligand 
diffusing out tendency. Firstly, long chain ligand added for colloidal PeQDs solution for 
reducing diffusion rate of the surface binding ligand. This long chain ligand adding pathway 
called LAPT. For removing excess ligands with reducing the internal resistance of the PeQDs 
film, aromatic short chain ligands utilized for surface treatment of the PeQDs under solution 
and/or film state. The short chain ligand passivation served slower diffusion rate and shorter 
particle to particle distance than pristine ligand condition. From these above properties, the 
aromatic short chain ligand treatment realized for optimization of the PeQLEDs performance 
via reducing surface defect with internal resistance of the photoactive layer. This short chain 
ligand based surface treatment pathway called LASA. From these approach, the 
optoelectronic properties of the PeQDs and PeQLEDs improved via simple surface treatment 
for the PeQDs. 
For the deep study of the colloidal QDs synthesis and application, the metal nitride QDs 
and the PeQDs utilized as model system. From this interdisciplinary research of the synthesis 
and the device application of the QDs, this dissertation could find and the correct of the 
various issues of the QDs as described in this dissertation. 
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Chapter. I Introduction 
1.1. About nanomaterials 
 
1.1.1 General purpose of nanomaterials 
 
Nowadays, the downsizing of the electronic circuits was demanded from generalization 
of the portable devices. For downsizing, the opto-electronic materials demanded for scale 
down with maintaining or improvement of the electronic or optical properties. From these 
need, many researchers interested for scale down of opto-electronic materials. 
The nano-scale materials showed different properties with bulk-scale materials. The 
energy level changed from the downsizing of the materials for the nano-scale (similar or 
smaller then Bohr radius of the materials) as shown in Fig. 1.1. Also, the Fig. 1.1 presented 
that the band energy structure well controlled from size control with shape control of the 
electronic materials.1 Also, from the shape control, we could make the highway pathway for 
the charge carriers. From the band energy control of the nanostructures, we could select the 
electron or hole pathway for enhancement of the carrier transport properties. For example, we 
could control the pathway of the electron and/or hole from dimension change of the 
electronic materials. From this, the internal resistance of the optoelectronic devices reduced 
and device efficiency increased as shown in Fig. 1.2.2 
Also, the nanomaterials had larger surface area for volume than bulk scale materials. 
From these large surface area, nanoscale materials had large surface contact area with active 
materials. In addition, the surface of the nanomaterials had high surface energy from their 
atomic defect site. These large surfaces with high surface energy of the nanomaterials served 
advantages for catalytic application. Normally, the Pt metal utilized as active material for the 
catalyst, and the cost of the Pt metal is expensive. From scale-down of Pt metal for nanoscale, 
the surface contact area, active material and catalytic activity of Pt were increased. These 
advantages served higher catalytic activity and required scintilla quantity of Pt material than 
bulk scale Pt catalyst condition. 
The nanomaterials had larger surface area for volume than bulk scale material. From this 
large surface area, the colloidal stability served for nanoscale materials via surface binding 
ligands. These colloidal properties of nanomaterials are special and important characters. The 
surface binding ligands served colloidal stability for various solvent conditions from 
hydrophilic or hydrophobic ligand passivation. Also, the colloidal nanoparticle changed for 
 2 
multi-purpose nanoparticles via attachment of the multi-functional ligand at surface of the 
nanoparticles. From these diverse characters of the ligands, the surface tuned nanoparticles 
actively applied for onto-electronic applications with bio-applications. 
As described above, the surface controllability of the nanomaterials is peculiar character. 
From large surface area of nanomaterials, the colloidal nanomaterials could apply both the 
properties of the inorganic materials and surface binding ligands. The surface ligand tuning 
served solubility controllability, improvement of the onto-electronic properties.3,4  
From these colloidal solubility, the colloidal nanomaterials utilized for the solution 
processable semiconducting ink likely organic based semiconducting materials. The 
inorganic nanomaterial ink served easier processability for the fabrication of the 
opto-electronic active layer then chemical vapor deposition process for the fabrication of the 
inorganic film. 
Of course, the organic based semiconductor served solution processability for various 
opto-electronic applications. However, the organic semiconducting materials had complicate 
fabrication steps than colloidal nanomaterials. Also, the organic semiconducting materials 
had poor controllability for various solvent application. However, the colloidal nanomaterials 
could easily control of solubility from simple ligand exchange. For example, from 
multi-purpose ligand, the solubility of the quantum dot film changed via simple light 
irradiation.5 This photoactive ligand served solution processable patterning methods without 
thermal evaporator as shown in Fig. 1.3. 
As described above, the colloidal nanomaterials had unique optoelectronic properties, 
large surface area, and surface capping ligands. From hybrid of these characters, the 
nanomaterials showed enough potential for next-generation optoelectronic materials. 
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Fig. 1.1 The energy structure of the various scale, and shape of the semiconductors.6 (all 
rights reserved in ACS) 
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Fig. 1.2 Schematic illustration of the one-dimension nanowire structure with polymer 
solar cell for efficient charge carrier separation and transport.2 (all rights reserved in RSC) 
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Fig. 1.3 Solution based quantum dot pixels for realization of the true color images.5 (all 
rights reserved in AAAS) 
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1.1.2 Formation methods (top down vs. bottom up) 
 
The formation methods of nanomaterials categorized for top-down and bottom-up method. 
The top-down passed off mechanical etching, and laser lithography with pattering. The 
lithography with patterning served well oriented nano/micro structures. From this well 
oriented structure, the top-down methods utilized many optoelectronic application fields. 
However, well defined structure via top-down pathway were demanded long time fabrication 
steps and they need exquisite equipment for lithography step. Also, the top-down had 
limitation for realization of the sub 10 nm scale. 
Comparing for the top-down method, the bottom up methods was reverse for the 
top-down method as shown in Fig. 1.4. The bottom up methods utilized for the assembly of 
the atomic size species to synthesize the larger size product. From assembly of the atomic 
species, the bottom-up method had broad controllability for realization of the various scales 
between micro-scale to nano-scale. Also, the bottom-up method based on chemical synthetic 
procedure, this wet-chemistry based fabrication pathway served faster formation rate than 
mechanical etching based top-down method. 
This dissertation basically utilized bottom-up process for synthesis of the nanoparticle, 
the bottom-up method will be more detail explained for exact understanding of the concept. 
The typical bottom-up fabrication methods composed for chemical vapor deposition and wet 
chemical method. 
From among these, the typical wet-chemical methods constituted for sol-gel, 
solvothermal method, and colloidal chemistry. The sol-gel process utilized for metal oxide 
synthesis under alcohol and/or aqueous solvent media. The solvothermal method divided for 
hydrothermal and solvothermal method. The hydrothermal method applied under aqueous 
solvent media, and the solvothermal methods utilized under organic solvent media. 
The hydro/solvo-thermal reaction could control the phase state of the materials from the 
temperature with pressure control. Normal batch synthetic condition had limitation for 
increasing temperature higher than boiling point of solvent and the increasing of the pressure 
of the reactors over the normal pressure. Compare for this normal batch reactor, the 
hydro/solver-thermal reactor could endure the higher temperature than the boiling point of 
the solvent and higher pressure media via the tightly sealed reactor. From high temperature 
with pressure media, the hydro/solvo-thermal pathways utilized for inorganic nanocrystal 
synthesis field. 
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For fine-tuning of the nanomaterials, the colloidal chemistry utilized as the bottom-up 
process. For synthesis the nanomaterials with colloidal chemistry, the arrested precipitation 
utilized via the reaction of the cation/anion precursors. The reaction solution composed for 
the surface capping ligand, cation/anion precursors and solvent. The arrested precipitation 
pathways composed for the hot-injection method and the heating up process. The hot 
injection method had hot solution with cold solution. (cold solution = injection solution) The 
hot solution composed for the cation precursor, surface capping ligand, and solvent. The cold 
solution composed for the anion precursor and solvent. The synthesis procedure of the hot 
injection is simple. The cold solution injected for the hot solution. From cold solution 
injection at hot solution, the nuclei formed via met the cation and anion precursors at 
confined area and then supersaturation emerged from rapid temperature dropping via cold 
solution injection. After formation of the nucleation, the nuclei grew from met the growth 
sources, which composed for the residual precursors and ligands. After this growth step, the 
molecular scale clusters changed for nanoscale crystals.7 And the other synthetic method is 
heating up process. The heating up had advantage for the mass production and formation of 
the highly uniform nanoparticle without size selection process. The heating up solution 
composed for cation/anion precursors, surface passivating ligand, and solvent. From 
increasing the temperature of the solution, the precursor and ligands changed for the 
metal-ligand complex. During the reaction with heating, the quantity of the metal-ligand 
complex increased and then all of the complex decomposed at the same time. From this 
decomposition, the complexes were converted for the nuclei form which called retarded 
nucleation. After this nucleation, the nuclei grew for the nanoscale materials. The advantages 
of the heating up process were that higher uniformity, and easier scale up than hot injection 
method for mass production of the colloidal nanomaterials.8 
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Fig. 1.4 Schematic illustration of the top-down and bottom up method for formation of 
the nanoscale materials. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 9 
1.1.3 Properties of quantum dots 
 
Normally, the organic molecule, conjugated polymer, and quantum dots (QDs) utilized 
for the radiative materials. The organic based molecule and polymers could apply for solution 
process, also the luminous organic molecule used for thermal evaporation fabrication process 
for formation of the patterned layer. 
From these properties, the active matrix organic light emitting diode (AMOLED) realized 
from the organic molecule based phosphor. The AMOLED had superior response time, color 
rendering index, and thickness of the device then the liquid crystal display (LCD) system. 
However, the organic molecule and conjugated polymer had low carrier mobility than 
inorganic materials. Also for the deriving the maximum luminescence efficiency of the 
organic phosphor, the dopant needed for the triplet energy transfer.9 
The organic phosphor had self light absorption properties from small Stokes shift and 
similar position of the photoluminescence with absorption range. Also, the organic molecule 
had hardness for the realization of the fine colors from broad the full width at half maximum 
(FWHM) of the photoluminescence. For band gap control, the organic molecule needed for 
the change of their molecular structures, which lead to hardness for the band gap fine tuning. 
Compare for the organic materials, the QDs had large Stokes shift between absorption 
and photoluminescence. The QDs showed nearly 100 % quantum yield without dopant based 
energy transfer. Also, the QDs could realize the sharp FWHM properties for under 40 nm 
from fine tuning of the particle size distribution of the QDs. From this sharp FWHM, the 
QDs showed the fine color purity than organic based materials as shown in Fig. 1.5.10 The 
QDs showed broad absorption range from 1st exitonic peak which could large photon 
absorption range than organic molecules as shown in Fig. 1.5. 
The QDs utilized the quantum confinement effect for band gap control. From these 
physical properties of the inorganic materials, the QDs could fine tune of their band gap from 
particle size control. Also, the energy level of the QDs materials easily predicted from the 
properties of their intrinsic bulk scale materials. These predictable physical properties served 
advance information for the optoelectronic applications. (Fig. 1.6) 
The colloidal QDs had surface binding ligands, and from change of these ligands, the 
solubility of the QDs easily changed. Normally, the solvent of the solution processable 
materials were composed for the hydrophobic solvent which composed for the benzene 
related solvent or the long alkyl chain based solvent. Normally, the radiative solution 
processable materials demanded for the hydrophobic solvent, which solvent composed for the 
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aromatic solvent or the long alkyl chain based solvent. Especially, the conjugated polymer 
materials composed for the long chain groups. From the long chain group, the hydrophobic 
media needed for the making the ink for solution of these materials. These hydrophobic 
solvents were harmful for the nature. However, the QDs could change their solvent from 
surface binding ligand exchange. From the ligand exchange, the QDs could control of their 
solvent media between the hydrophobic and the hydrophilic condition.3 (Fig. 1.7) 
From above prominent properties of the QDs, the QDs were focused the next-generation 
photonics materials rather than organic materials, especially the luminescence fields. 
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Fig. 1.5 The optical properties of the organic based dye and the quantum dots.10 (all rights 
reserved in NPG) 
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Fig. 1.6 Schematic illustration of the quantum confinement effect of the various size 
condition of the semiconducting particle. [CdSe case]11 (all rights reserved in Springer) 
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Fig. 1.7 Image of the ligand exchange quantum dots. [Intrinsic condition : hexane, after 
ligand exchange condition : NMF]3 (all rights reserved in ACS) 
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1.2 About 0D materials (quantum dot, QDs) 
1.2.1 History of QDs 
 
This dissertation focused for the 0-dimension QDs synthesis, characterization, and their 
applications for the light emitting devices. For exact explanation of this research, I will detail 
introduce of the history of colloidal QDs. (Fig. 1.8) The colloidal QDs first realized from 
Brus et. al. at 1983.12 At that time, the QDs synthesized under aqueous solutions for CdS QDs 
as model system. From the CdS QDs system, the Brus group demonstrated the quantum 
confinement effect from the reducing the size of the CdS nanoparticles. 
After that, the Bawendi et. al. developed the hot injection method for synthesis of the 
CdE (E = S, Se, and Te) based QDs at 1993.13 This hot injection based synthetic pathway 
served small particle size distribution with high crystalline QDs. The hot injection method 
utilized under inert condition with hydrophobic solvent. From this inert media, the Se and Te 
based QDs synthesized without damage via oxidation. Also, the hot injection methods served 
well controlled size distribution of the QDs. From these stable and uniform size Cd 
chalcogenide QDs, the relationship between band gap and particle size well researched from 
this well controlled model system. 
After development of the hot injection method, the research actively began for the QDs 
synthesis and characterization. However, the QDs showed exact absorption peaks, but the 
photoluminescence was too weak for active application. For correct of this weak 
photoluminescence property, the core@shell structured QDs systems proposed via 
Guyou-Sionnest et. al. at 1996, Bawendi et. al. and Alivisatos et. al. at 1997.14-16 From the 
epitaxial shell growth at QDs, the non-radiative recombination ratio suppressed from the 
removing the surface dangling bond. Also, the CdSe@CdS structure served type-I energy 
alignment, which actively induced confinement of the exciton at core state. From exciton 
confinement, the radiative recombination probability increased. Before shell coating, the QDs 
performed under 10 % photoluminescence quantum yields (PL-QY), but after shell coating, 
the core@shell structured QDs performed over 80 % PL-QY. From this improvement of the 
photoluminescence properties, the QDs actively utilized as phosphors for various applications. 
The variation of the energy structure of the core and shell were studied, but these research 
results introduced at core@shell part in this chapter. 
The hot injection method served mono-disperse colloidal nanoparticles than aqueous 
phase synthetic condition, but the batch size up for mass production induced decline the 
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product quality and/or change the particle size conditions from the changing of the 
supersaturation zone. 
For improvement of the size distribution of the QDs with mass production of the colloidal 
nanomaterials, the heating up methods introduced from Hyun et. al. at 2004.17 The heating up 
methods utilized the retarded nucleation from immediate decomposition of the metal-ligand 
complex as described above part. After the development of the heating up pathway, the size 
selection process did not need for the reducing of the particle size distributions. From the 
mass productivity with high quality of the colloidal nanomaterials, the heating up methods 
served popularization of the nanomaterials for the many researchers. 
Since then, the ion exchange methods of the quantum dots developed from Alivisatos et. 
al. at 2004.18 Before the ion exchange development, the combination of the cation and anion 
of the QDs decided from former reaction steps. The success or fail of the synthesis of the 
QDs materials settled from the reaction conditions and/or the combination of the cation and 
anion precursors. Also, the difference of the materials properties followed the various lattice 
structures. These intrinsic limitations of the cation and anion combination and the distinct 
lattice structures could not change at the initial synthesis step. However, the ion exchange 
served chance for the breaking of the above limitations. The crystal structure and the shape of 
the host materials were maintained after the ion exchange reaction. From these properties, the 
ion exchange method served the opportunity for the synthesis of the QDs with various 
condition of the cation and anion composition. 
From above development with optimization of the QDs materials, the optoelectronic 
applications actively researched from these semiconducting nanomaterials. The QDs had high 
PL-QY, prominent band gap controllability, and sharp FWHM PL spectrum. From these 
prominent optoelectronic properties, the quantum dot light emitting device (QLED) realized 
from Bawendi et. al. at 2002.19 After this result, the many researchers and industries 
developed the QDs materials for the photoemission layers at the QLEDs. 
Also, the QDs had broader absorption ranges than organic based semiconductors. From 
this broad absorption range, the Aliviastos et. al. realized the QDs solar cells.20 These results 
showed that the broad absorption of the QDs could utilize as photoactive layers for the 
energy conversion applications. After this trial, the QDs actively researched for the active 
materials of the next-generation solace cells. 
From these development and discoveries of this field, the QDs utilized as the model 
systems for the physics and chemistry, and also the QDs actively studied for the 
industrializations as next-generation optoelectronic materials. 
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Fig. 1.8 Schematic illustration of the main event of the nanoparticle field. 
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1.2.2 Colloidal quantum dot synthesis method 
 
The synthetic methods of the colloidal QDs separated for the aqueous or non-aqueous 
solvent conditions. This part focused on the non-aqueous media which synthetic methods 
based on the thermal decomposition of the precursor complex under high temperature 
condition. 
The thermal decomposition synthetic methods based on the bottom up process with 
wet-chemical media. The metal-ligand complex received high temperatures for induction of 
the decomposition. This decomposition of the metal-ligand complex induced arrested 
precipitation for making colloidal nanoparticles which composed for the nanocrystal with 
surface binding ligands. 
As mentioned above part, the hot injection and heating up method utilized for inducing 
thermal decomposition of the precursor complex. 
The hot injection method utilized that supersaturation from injection of the cold solution 
at the hot solution. The hot solution contained metal precursor, ligand, and solvent. The cold 
solution contained anion precursor with solvent. From immediate temperature quenching via 
cold solution injection, the solubility of the thermal quenched zone is rapidly reduced and 
then the nuclei formed from met the metal precursor and anion precursors under 
supersaturated state. After formation of the nuclei, the solution contained the nuclei with 
residual precursors. The residual precursors consumed for the growth of the nuclei. The 
nuclei grew for the exhaustion of the residual precursors. After that, the smaller particles 
dissolved as the growth source of the larger particle which step called the Ostwald ripening.7 
(Fig. 1.9) 
In particular of the hot injection method, the heating up method utilized for the one-batch 
condition which contained the cation/anion precursors, ligand, and solvent. From temperature 
increasing of the solution, the metal-ligand complex quantity increased via pass of the 
reaction time. After some period of time, these metal-ligand complex decomposed at the 
same time. These decomposed precursors changed and grew for the nuclei form and then 
these nuclei grew for the colloidal nanoparticles as shown in Fig. 1.9. From simultaneous 
change of the precursors, the heating up method served uniform size distribution rather than 
hot injection process. This simultaneous decomposition called the retarded nucleation. From 
retarded nucleation of the precursors with ligands, the heating up method served consistency 
of the product when the batch scale up for the mass production of the nanomaterials. (Fig. 
1.10) 
 18 
For the effective mass production, the continuous process introduced from Jensen and 
Bawendi group.21 The existing batch procedures needed the change of their batch for the next 
synthesis of the nanomaterials. Also, for increment of the batch size, the distance of the heat 
source at surface and the center of the solution increased as shown in Fig. 1.11. However, the 
micro-fluidic reactor with micro-channel needed just flow for the reactors. For the large-scale 
synthesis, this continuous process just needed for the quantity increasing of the fluidic 
precursor solutions. Also, the conventional batch condition could not increase of their 
reaction pressures. However, the micro-fluidic reactors could increase the pressure from their 
closed system as shown in Fig. 1.11. From this closed system, the micro-fluidic reactor could 
apply the supercritical state of the solvent for increasing of the thermal conductivity with 
diffusion rate of the precursors. From this, the micro-fluidic reactor served mass production 
and higher quality product than conventional batch reactors.21 
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Fig. 1.9 Schematic illustration of the Hot injection batch with La Mer plot for explanation 
of the nucleation and growth step.7 (all rights reserved in Ann. Rev. Inc.) 
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Fig. 1.10 Large scale synthesis with uniform shape and size of the nanoparticles via 
heating up method.17 (all rights reserved in Wiley) 
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Fig. 1.11 Micro-fluidic reactor for the continuous process of the QDs. (Left) 
Photoluminescence results of the liquid phase solvent and the supercritical state solvent. 
(Right)21 (all rights reserved in Wiley) 
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1.2.3 Core@shell structure & each type 
 
The nanomaterials had large surface area for volume, from this, the properties of the 
nanomaterials sensitively influenced by surface state. Firstly, the nanomaterials had high 
surface energy via large surface area with atomic edge state, the QDs had weakness for the 
oxidation from moisture and oxygen. Second thing is that the surface defect site from 
dangling bond of the surface of the nanomaterials. For the improvement of these weak point 
of the surface, the epitaxial shell coating applied, and then the photoluminescence properties 
significantly improved.14-16 The shell coating served that reducing the surface defect site via 
removing of the surface dangling bonds and improvement of the stability of the QDs via 
additional surface capping layer. From these prominent properties, the shell coating is 
important part for the nanomaterials. 
Also, optoelectronic properties of the semiconducting materials influenced from highest 
occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) level 
of the attached materials. For the optimization and control of the optoelectronic properties, 
the energy level engineering progressed for between core and shell materials. 
The initial motivation of the shell coating was the optimization of the photoemission 
properties of the QDs. For the optimization of the exciton recombination, the energy structure 
of the shell controlled to the cover of the HOMO and LUMO level of the core which 
structure called type-I structure as shown in Fig. 1.12. The type-I structure served effective 
exciton confinement for the core and reducing of the surface defect quenching site. From 
these properties, the photoemission properties of the QDs improved over the multiple 
times.14-16 
As described above, the type-I structure pursued for the maximization of the 
photoemission properties. However, the photovoltaic application needed the effective 
separation of the electron-hole pairs, not the recombination of the electron-hole pairs. The 
type-I structure hindered for the exciton separation from their energy alignment structure. For 
optimization of the exciton separation, the type-II core@shell system developed as shown in 
Fig. 1.12. The shell of the type-II structure had higher or lower state both HOMO and LUMO 
level than the energy level of the core. From these energy level alignment, the confinement 
region of the core and shell were separated which induced the exciton separation between 
core and shell region. As described above, the type-II structure served maximized photon to 
current conversion efficiencies via their energy alignment structures for the photovoltaic 
applications. 
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For the optimization of the photoemission properties of the QDs, the quasi type-II 
structure proposed as shown in Fig. 1.12. This structure composed that the similar level of 
the LUMO level of the core and shell, but the HOMO level of the core level is higher level 
than the shell case. The quasi type-II structure served that the electron offered freely movable 
area between core and shell, but hole confined at core. From this freely moving electrons, the 
exciton lifetimes maximized with the Auger recombination process reduced which served 
well preventing the non-radiative recombination for maximizing the photoemission 
properties.22 
As described above, the shell coating served not only surface stabilization via removing 
the surface defect, but also the electron-hole pair confinement via energy alignment control. 
From these prominent properties, the shell coating engineering grew as main research area at 
the QDs field. 
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Fig. 1.12 Schematic illustration of the core@shell structured QDs and the energy 
structure of the type-I, type-II, and quasi type-II. 
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1.3 Review of QD light emitting devices (QLED) 
1.3.1 About QLED 
 
Recently, the ultra-thin display needed for the increasing of the market of the portable 
informatic devices. The QDs focused as the luminous photoactive materials for the 
next-generation displays. The inorganic based quantum dots had high PL-QY, sharp FWHM, 
and prominent color purity as described above part. From these optical properties, many 
display manufacturers research and development of the QDs related fields, and also the 
market size will be growth. Nowadays, the quantity of the information is rapidly increasing. 
For understanding and utilization of these mega size information, the humanity needed for 
the development of the efficient informatic devices. The portable telecommunication 
technologies demanded for efficient information exchanges each other. The portable display 
types were separated for the two types. First thing is the liquid crystal display (LCD) with 
back light unit (BLU), and second type is the self-radiative displays without BLU part. The 
LCD composed for the color filter, polarization plate, thin film transistor (TFT), and BLU as 
shown in Fig. 1.13. For the color control, the direction of the liquid crystals changed for the 
cover of the unwanted color parts. However, the self-luminescent display composed for the 
TFT and luminescence photoactive layer as shown in Fig. 1.13. The self-luminescent display 
had simple structure for operating the devices. Also, the self-luminescent display did not need 
the polarization films. From this simple structure and without polarization film, the 
self-luminescent displays get thinner device thickness and more wider viewing angle than 
conventional LCD. The important factors of the self-luminescence display were that the high 
luminescence efficiency, and the high color purity. This self-radiative display needed for the 
luminescence photoactive layers which composed for the red, green, and blue colors to make 
various colors via mixing of these three colors. For the realization of the true color image, the 
photoactive materials demanded for the high color purity. From these issues, the 
luminescence materials actively researched via many researchers. The organic 
semiconductors and the colloidal QDs focused for the next-generation photoactive layers. 
Especially, the quantum dots materials actively researched from their prominent color purity 
with high PL-QYs.10 
In this part, I will introduce the trend of the quantum dot light emitting devices (QLEDs). 
Nowadays, the many QDs materials utilized as photoactive layer. Next part, the 
representative QDs based QLED devices introduced which composed for the CdSe and InP 
QDs. 
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Fig. 1.13 Schematic illustration of the device structure of the liquid crystal display and 
the organic light emitting device. (all rights reserved in Wiley) 
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1.3.2 CdSe based QLED 
      
 For the application of the QDs as photoemission layer, the QDs needed prominent 
optical properties with stability. The CdSe QDs actively utilized as photoemission layers 
from their prominent optoelectronic properties with higher stability than other QDs 
materials. Fig. 1.14 showed that CdSe QDs based electroluminescence QLED devices. 
From electron and hole pair injected for the CdSe QDs layers. The device performance 
of the Fig. 1.14 represented for 4200 cd/m2 with blue emission and 31000 cd/m2 with 
red emission. The CdSe QDs already optimized materials. From well ripening condition, 
the CdSe utilized as model systems for the QLED research field.23 
 The luminous QDs materials were actively developed apart from the CdSe QDs. 
However, compared for other materials, the CdSe QDs well optimized the PL-QY from 
actively research of the core@shell coating processes and the crystallinity optimization. 
For optimization of the radiative recombination process, the quasi type-II core@shell 
structure CdSe QDs utilized as described below. 
Above mentioned that, the shell served various profits for the optimization of the QDs. 
Normally, the type-I structure utilized for the luminescence applications from their 
confinement properties of the electron-hole pairs at the core materials. However, the 
carrier injection at QDs layers served the Auger recombination from accumulation of 
the electron and/or hole. The differences of the injection barrier, the injection rate had 
gap between the electron and hole. From this imbalance, the electron or hole 
accumulated at the interface of the QDs layer and carrier injection layer. This 
accumulation induced the Auger recombination. To prevent the Auger recombination, 
energy alignment control ,between core and shell materials, applied from Klimov 
groups (Fig. 1.15).22 
 The conventional QDs for high PL-QYs composed for the CdSe@CdS structures. The 
CdSe and CdS had similar lattice constant, and they had type-I structure as shown in 
Fig. 1.12. From these minimized lattice mismatch with type-I structure, the CdSe@CdS 
QDs showed high PL-QY over 80 %. However, the CdSe@CdS QDs had quasi type-II 
like structures. The LUMO level of the core and shell were similar for each other. From 
this energy alignment, the electron injection ratio was higher than hole injection ratio 
which induced the external quantum efficiency via Auger recombination. 
 For matching the electron and hole injection quantity, the CdZnS shell applied as 
shown in Fig. 1.15. The Zn alloy induced the PL-QY reduction via increment of the 
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lattice mismatch between core and shell materials. However, from the Zn alloy, the 
energy alignment of the QDs changed for the type-I state. This type-I structure served 
equal injection ratio of the electron and hole as shown in Fig. 1.12. In spite of the 
PL-QY reducing, the suppress of the Auger recombination served improvement of the 
entire efficiency of the QLEDs.22 
 The CdSe QDs well matured from various reports, they utilized as model system for 
diverse device conditions as reported above. However, the Cd based material banned 
from their toxicity with RoHS regulation. The eco-friendly QDs materials needed for 
commercialization of the QLED. 
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Fig. 1.14 The CdSe based QLED devices with red, green, and blue emitting condition. 
23. (all rights reserved in NPG) 
 
 
 
 
Fig. 1.15 Auger recombination ratio control for optimization of the efficiency of the 
QLED.22 (all rights reserved in NPG) 
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1.3.3 Eco-friendly quantum dot based QLED 
 
 For the commercialization of the QDs materials, the heavy metal had to replace for the 
eco-friendly component. The copper gallium sulfide (CGS), silicon, and InP QDs 
materials emerged for the eco-friendly QDs materials.24-26 Especially, the InP QDs had 
various band gap via their size control, and sharp FWHM from particle size distribution 
control. From these properties, the InP QDs focused on the next-generation eco-friendly 
QDs material. 
 The InP@ZnSSe gradient shell structured QDs synthesized and realized for the active 
layer of the QLEDs by Cha et. al. as shown in Fig. 1.16.27 As shown in Fig. 1.16, the 
inverted structured devices with InP had higher electron injection barrier than hole 
injection barrier. From these differences of the injection barrier, the overall device 
efficiency had limitation from Auger recombination. For correcting this imbalance of 
the charge injection, the PFN layers utilized for the energy level shifting of the QDs. 
From the energy shifting of the InP QDs layer, the InP based QLED showed 3.46 % of 
external quantum efficiency (EQE) and 3900 cd/m2 of luminance. 
 As presented above, the InP quantum dots demonstrated for the excellent 
photoluminescence layers of the QLEDs. However, the QLED with InP hardly 
developed than CdSe cases. Because, the InP QDs had weak stability under air 
condition and synthetic pathway was harder than CdSe QDs. However, many research 
group actively study for the high quality InP QDs development and optimization. From 
these effort, the potential of the InP QDs will grow for the industrialization. 
 Also, the CGS QDs utilized as photoactive layer of the QLED. The CGS QDs had 
simple synthetic conditions, prominent stability, and high PL-QYs. However, the 
FWHM was broader than InP and/or CdSe QDs. From this, CGS had lower color purity 
than InP QDs. 
 However, this broad FWHM applied as positive aspect for the white light realization 
via single size and single component QDs condition.28 The CGS QDs had mid-gap 
defect state which induced broad FWHM of photoluminescence spectra. The Cu and Ga 
ratio controlled for activation of mid-gap defect state. From Ga ratio increasing, the dual 
peak emerged via mid-gap state increasing. 
 After this, the Mn doping utilized at CGS QDs for activation of the mid-gap state. 
From Mn doping, the multi-peak emerged for the broader FWHM as shown in Fig. 1.17. 
The Mn dopant ratio control served the controllability of the color temperature of the 
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Mn doped CGS QDs.29 From the Mn doped CGS QDs utilized for the white light 
emitting layer of the QLED device. Also, from the Mn dopant quantity control, the color 
rendering index changed between the cool white and warm white color as shown in Fig. 
1.17. 
 As describe results of the InP QDs and CGS QDs, the various eco-friendly QDs 
developed and researched for industrialization of the QLEDs as next-generation display 
technology. 
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Fig. 1.16 InP@ZnSSe QDs based QLED results.30 (all rights reserved in ACS) 
 
 
 
 
Fig. 1.17 Mn doped CGS QDs for realization of the white light emitting QLEDs via 
single dot condition.29 (all rights reserved in ACS) 
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1.3.4 Pixel formation technique for realization of the QD display 
 
 After 2000 year, the industries focused on the QDs from their prominent optical 
properties. The consumers want for the thinner, brighter, and sharp image than 
conventional display. For satisfy these needs, the QDs tried as next-generation 
photoactive layer. 
 However, the QDs composed the colloidal nanoparticles forms with solvent media. 
The QDs based materials composed for the organic ligand with inorganic crystals which 
could not evaporate without damage. From these properties, the QDs could not apply 
the thermal evaporation to form the micro-size pixel to form the active matrix based 
display. 
 The industrial field focused on the pixelization of the QDs likely the organic materials. 
For making pixel without thermal evaporation, the contact printing utilized as shown in 
Fig. 1.18 via Samsung with SUN team.31 From contact printing of the QDs, the active 
matrix QLED realized as described in Fig. 1.18. 
 After that, the intaglio transfer printing method developed for the pixelization of the 
QDs.32 The intaglio transfer printing served effective control of the pixel shape and 
down scale of the printed product. From this transfer printing method, the red, green, 
and blue pixels realized for making the white light via mixed light condition likely 
AMOLED. (Fig. 1.19) 
  Also, the Talapin group developed the photoactive ligand for the solubility control of 
the QDs film. This process did not need contact printing and thermal evaporation for 
making pixels as shown in Fig. 1.3. From this results, the micro-size well aligned pixels 
realized without thermal evaporation process.5 
 As shown above things, the QDs synthetic methods and the fabrication method of the 
QLED rapidly developed from many attentions of the companies and consumers as 
candidate of the future display technique. 
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Fig. 1.18 Schematic illustration of the QLED based self-luminescence displays.31 (all 
rights reserved in NPG) 
 
 
 
 
Fig. 1.19 Pixelization of the QDs via intaglio transfer printing32 (all rights reserved in 
NPG) 
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Chapter. II Various metal nitride quantum dot synthesis and application 
for quantum dot light emitting devices. 
 
2.1 Introduction 
2.1.1 Metal nitride quantum dot 
 
As mentioned above part and chapter, the colloidal QDs ink focused as the 
next-generation optoelectronic materials. Among many materials, the InP QDs utilized and 
researched as the eco-friendly QDs materials However, the InP QDs had low stability under 
ambient conditions which stability issue was main limitation for the commercialization. For 
correct of the stability issue, many researchers tried for the relaxation of the oxidation rate, 
but the original property of the InP material had weakness for the oxidation. The CGS and 
CIGS QDs synthesized as the eco-friendly active layer of the QLED, but these materials had 
low color purity from their broad FWHM. 
For breaking the stability issue, we focused the metal nitride semiconductor as 
photoactive materials. The metal nitride had great stability with prominent optoelectronic 
properties. The earlier GaN utilized as surface barrier of the space shuttle via prominent 
thermal stability. Also, the InxGa1-xN materials could realize the blue light emitting devices 
(LED), which results awarded the Nobel prize in physics at 2014 year. 
The metal nitride had heavy metal free composition with prominent optoelectronic 
properties. From these characters, the many researchers tried for the making the metal nitride 
based nanoparticles. However, the low reactivity between metal precursors and nitrogen 
sources served hardness for the realization of the metal nitride nanoparticles under 
wet-chemistry. Especially, the nitrogen is very stable element. From this very stable property 
of the nitrogen, the ammonia gas (NH3) utilized for the synthesis of the metal nitride 
materials.1,2 
For example, firstly formed the metal oxide nanoparticles, and then these metal oxide 
nanoparticles changed for the metal nitride via ammonia gas with high temperature furnace 
treatment.3,4 This method demanded long time and complicate synthetic pathways than 
conventional colloidal QDs synthetic method. For direct synthesis of the metal nitride, the 
unstable organometallic precursors with NH3 gas bubbling utilized for synthesis of the 
colloidal metal nitride QDs.5 The ammonia bubbling with organometallic precursor pathways 
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tried for the maximization of the chemical reactivity, but this bubbling pathways had 
limitation for the exact quantization of the nitrogen source. 
Also, for the nitration, the anion exchange pathway utilized. The metal oxide nanoparticle 
used as the host material, which converted for the metal nitride under NH3 gas media with 
high temperature.4  
In this dissertation, we proposed the liquid phase or solid phase nitrogen source for 
synthesis of the metal nitride quantum dots. Also, these colloidal metal nitride QDs utilized 
as photoactive layer of the QLED applications at the first time in the world. From these 
results, we want to demonstrate that the potential of the metal nitride QDs for the 
eco-friendly and stable photoactive layers. 
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2.2 Mild and Stable Synthetic Routs for Eco-Friendly InxGa1-xN Colloidal Quantum 
Dots for Quantum Dot Light Emitting Diodes 
 
2.2.1 Experiment concept introduction 
 
Colloidal quantum dots (CQDs) have attracted considerable attention as promising 
materials for use in various opto-electronic devices due to their excellent properties.1-5 In 
particular, CQDs have been widely used as prospective emissive materials for 
next-generation displays due to their many advantages, such as band gap tuning across the 
full colour spectrum (with a narrow emission spectrum for each CQD species by varying the 
size of the particles) and high quantum efficiency.6-8 However, the highly toxic and hazardous 
nature of Cd-based CQDs severely restricts the application of such CQDs to eco-friendly 
opto-electronic devices.6 Therefore, further developments are required for novel CQDs, such 
as Cd-free CQDs, which have outstanding opto-electrical properties that are comparable to 
the well-known CdSe CQDs. 
The group III-V CQDs, especially InP, are considered the next generation of CQDs with 
broad band-gap controllability.7 However, despite the superior characteristics, III-V CQDs 
have drawbacks regarding their low stabilities. The use of metal nitride semiconductors has 
been suggested as an alternative solution to solve the problems raised in the group III-V 
CQDs mentioned above. The GaN and InxGa1-xN are commercially utilized as ultraviolet 
(UV) to green light emitting diodes (LEDs);8 they exhibit superior chemical stabilities, high 
carrier mobilities, high light absorption coefficients and low toxicities.12 Notably, the band 
gap of InxGa1-xN CQDs can theoretically be tuned from 0.7 eV to 3.4 eV9 by altering the Ga 
(Gallium) and In (Indium) metal fractions. Due to ease of controllability of the band gap as 
well as excellent electrical properties of InxGa1-xN materials, many studies have been 
conducted to realize various emission colours for LED applications10 through the control of 
the In and Ga ratio. 
However, in contrast to theoretical expectations, achieving colour control, especially for 
red emission, has proven to be nearly impossible due to the poor stability of the InxGa1-xN 
materials for the In-rich alloy states when using the chemical vapour deposition (CVD) 
process. This instability originates from the intrinsic differences in Ga and In, which are 
attributed to covalent radii divergence, lattice mismatch, and vapour pressure differences.11-12 
Only green emission from InxGa1-xN was achieved for the low-temperature CVD process 
(~300-400 °C), but its optical properties were very poor due to the low crystallinity of the 
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metal nitrides. In addition, growth of InxGa1-xN using a CVD process is not desirable for 
flexible device applications from their high temperature of fabrication steps. 
To utilize their prominent properties with solve some drawbacks, solution-based 
synthetic routes have been suggested as alternative methods. However, in most cases, metal 
nitride nanoparticles synthesized using highly reactive metal precursors with gas phase 
nitrogen source, e.g., ammonia gas15,16. Also, the previous synthetic routes of metal nitrides 
were more complicate than the conventional CQDs synthetic methods.13,14 For example, for 
synthesis of InN and GaN nanoparticle synthesis, they need at least two steps which 
composed for synthesis of metal oxide nanoparticles and nitration these metal oxide 
nanoparticles under high temperature with ammonia gas media15,16. From these aspects, we 
need to develop the mild and simple synthetic routs for synthesis of metal nitride CQDs.  
In this study, to the best of our knowledge, we report the first visible light emissive InxGa1-xN 
CQDs that were synthesized via the simple hot-injection method with mild precursors and the 
first realization of quantum dot light emitting diodes (QLEDs) using InxGa1-xN CQDs. By 
varying the metal composition (In and Ga ratio) and size control (i.e., the quantum 
confinement effect)13, band-gap tuned InxGa1-xN CQDs were successfully synthesized. The 
QLEDs fabricated using these CQDs exhibit green electroluminescence (EL) originating 
from the InxGa1-xN CQDs. Our results demonstrate that InxGa1-xN CQDs are a good 
candidate for replacing conventional CQDs containing Cd, thereby enabling eco-friendly 
displays. Also, this light emissive metal nitride CQDs showed the potential for next 
generation flexible metal nitride device applications. 
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2.2.2 Results and discussion 
 
     Fig. 2.1 shows the reaction mechanism for synthesis of metal nitrides. The hot 
solution composed the metal acetylacetonate with oleic acid (O.A.) which have air stable 
properties. The injection solution composed for hexamethyldisilazane (HMDS, nitrogen 
source) with 1-octadecene (ODE) which have liquid phase with low reactivity under air 
condition. From temperature increasing, the metal precursors and O.A. changed for metal 
complex form and put out some proton sources. For nitration, the HMDS solution injected for 
hot solution. The HMDS activated via received protons for construction ammonia like form 
as shown in Fig. 2.1. From these activation of the nitrogen sources, the metal complexes 
could react with these nitrogen sources for converting the metal-nitrogen complexes. Finally, 
these metal-nitrogen complexes decomposed and grew for nanoparticle. For optimization of 
reactivity of nitrogen source, we tested three nitrogen sources to control the proton binding 
affinity as shown in Fig. 2.8. The higher proton binding affinity served higher 
photoluminescence (PL) quantum yield (PL-QY) from favorable properties for activation via 
reception of proton ions as described in 2.8(b). From these binding affinity test, we choose 
the HMDS as main precursor of nitration of metal complexes. 
Fig. 2.2(a) and 2.2(b) shows the X-ray diffraction (XRD) pattern of InxGa1-xN CQDs of 
different metal compositions. From the XRD results, the GaN CQDs are determined to be in 
the hexagonal phase with (101), (103), and (200) planes, and the InN CQDs are in the cubic 
phase with (111), (200), (220), (311), and (400) planes. A small amount of the In2O3 phase 
(red arrows) was also observed at InN case; this phase is attributed to the oxidation of InN 
CQDs due to air exposure during washing or the XRD measurement.14 To verify the alloy 
states of the InxGa1-xN CQDs, the changes in the peak position according to the changes in 
the metal fractions were investigated. By increasing the In fraction in the GaN CQDs, the 
peaks related to the GaN planes were shifted to the lower 2 region, and the peaks related to 
the InN planes were newly observed. In addition, the peaks from GaN were broad, but the 
peaks related to InN were sharp and of high intensity, indicating that the InN phases have 
higher crystallinities than those of the GaN phases. These results were atypical because 
high-quality InN crystals are notoriously more difficult to grow than GaN crystals.30 
Generally, the crystal growth and the quality of the metal nitrides CQDs are strongly affected 
by substrate and growth temperature.15,30 In particular, the extremely low decomposition 
temperature of InN makes it impossible to increase the growth temperature to achieve high 
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crystallinity. As a result, high-quality InN or In-rich InxGa1-xN CQDs are more difficult to 
grow than GaN or Ga-rich InxGa1-xN CQDs.16-17 Therefore, the XRD results strongly 
suggested that it is possible to grow high quality of In-rich InxGa1-xN CQDs using our 
wet-chemical synthetic procedure. To identify the metal composition of InxGa1-xN CQDs in 
detail, ICP-MS analysis was conducted; details of the analysis results are described in Fig. 
2.9 in the supporting information.  
The chemical states of the InxGa1-xN CQDs were examined by X-ray photoelectron 
spectroscopy (XPS). Fig. 2.2(c) and 2.2(d) show the binding states of the InxGa1-xN CQDs at 
the In3d3/2, In3d5/2 and N1s spectral regions. The In3d binding peak positions of these results 
had InN binding positions18-19. In this case of In3d result, we could find regularly peak shift 
of each binding state via In and Ga fraction change. These peak shift of InN binding states 
were denoted that our colloidal synthetic route showed the formation of In, Ga, and N 
binding to make various InxGa1-xN condition. The N1s spectra in Fig. 2.2(d) revealed the 
metal to nitrogen binding states. A high In fraction induced a shift in the binding energy of 
the N1s state to a lower energy state due to the change in the lattice environment resulting 
from the electronegativity change of InxGa1-xN CQDs. These results provide direct evidence 
that the InxGa1-xN CQDs exhibited the metal-N binding alloy state with well-distributed Ga 
and In conditions. From the X-ray characterization results in Fig. 2.2, the crystal structures 
and the binding energy of InxGa1-xN CQDs in the alloy state were well demonstrated.  
Fig. 2.3(a), and 2.3(b) shows the UV-vis absorption and the PL spectra of the resulting 
InxGa1-xN CQDs as functions of the metal composition. The data in the figure show the 
effects of the metal fraction on the optical properties of the InxGa1-xN CQDs. No significant 
changes in the 1st excitonic peak (~520 nm) were observed in the UV-vis absorbance; only a 
slight broadening of the peak was observed as the In fraction increased. Fig. 2.3(b) shows the 
PL spectra of InxGa1-xN CQDs for different metal compositions. In contrast to theoretical 
expectations, no PL spectral shift was observed with variation of the In fraction, and all the 
InxGa1-xN CQDs exhibit similar PL spectra with dominant green emission. 
The PL spectra of InxGa1-xN CQDs consisted of three peaks at ~460, ~520 and ~560 nm. 
From Fig. 2.3(b), two peaks at ~460 and ~520 nm were confirmed to be related to GaN. 
Generally, high-quality GaN exhibits PL emission in the UV region (365 and 375 nm), and 
GaN with lattice defects and/or oxygen doping20 exhibit greenish yellow PL emission.21-22 
Therefore, GaN and InxGa1-xN CQDs synthesized via the hot-injection method are confirmed 
to have relatively high numbers of defect states due to oxygen binding with oleic acid and/or 
their low crystallinity as shown in XRD results. The InxGa1-xN CQDs exhibit broader PL 
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spectra than those of the GaN CQDs due to the contribution of PL emission at ~560 nm (Fig. 
2.3(b)). The origin of the shoulder peak (~560 nm) will also be explained in Fig. 2.4 in detail. 
With increasing In metal fraction, the PL intensity of InxGa1-xN CQDs was observed to 
decrease and the relative PL intensity ratio for emission at ~460 nm vs. emission at 520 nm 
was observed to increase due to the rapid decrease of the PL intensity at ~520 nm. The 
relative PL-QY of the InxGa1-xN CQDs according to the metal fraction variation is shown in 
Fig. 2.10, which matched the PL intensity change shown in Fig. 2.3(b). 
The optical properties of the CQDs can be varied via size control under the same metal 
composition. From the UV-vis absorption spectra and the PL spectra of the In0.25Ga0.75N 
CQDs of different size (Fig. 2.3(c) and 2.3(d)), the band gap of InxGa1-xN CQDs was found 
to be well controlled via the quantum confinement effect. Fig. 2.10 and Fig. 2.11 show the PL 
maximum peak shift and the transmission electron microscope (TEM) images, respectively, 
of In0.25Ga0.75N CQDs for different O.A. concentrations. From the TEM results, the variations 
in the optical properties of the In0.25Ga0.75N CQDs were confirmed to be due to the quantum 
confinement effect. 
To investigate the origin of each of the peaks as well as the cause of the lack of PL 
spectral shift in InxGa1-xN CQDs with different metal fractions, we conducted 
temperature-dependent PL experiments using the InxGa1-xN CQDs (x = 0 to 0.75), as shown 
in Fig. 2.4. The GaN CQDs exhibit two peaks at ~460 nm and ~520 nm at all temperatures 
(Fig. 2.4(a)). However, the relative PL intensities of the GaN CQDs at ~460 nm and at 520 
nm were observed to change with the temperature. With increasing temperature, the reduction 
of the PL intensity at ~460 nm was much faster than that at ~520 nm. The radiative PL 
emission at ~460 nm has been suggested to be more influenced by defects due to 
Ga-mediated non-radiative recombination than the PL emission at ~520 nm. This 
non-radiative quenching originates from lattice vibrational energy loss due to the low 
crystallinity of GaN.20 
The InxGa1-xN CQDs (x = 0. 25 to 0.75) also exhibit variations in PL intensity with 
temperature. Fig. 2.4(b) shows temperature-dependent PL spectra of In0.25Ga0.75N CQDs (low 
concentration of In). As was the case for the GaN CQDs, the PL intensities at ~460 nm and, 
in particular, ~520 nm also changed dramatically with temperate due to defects. Importantly, 
new PL peaks at ~560 nm and ~580 nm, which originated from the In alloy-mediated states, 
were observed at low temperature. The PL intensity at ~520 nm decreased at a slightly higher 
rate than that at ~560 nm with increasing temperature. This result indicated that the radiative 
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PL emission of In0.25Ga0.75N CQDs was still primarily governed by the GaN-mediated state 
and not by the In alloy-mediated state, even though the In metal was alloyed. 
Fig. 2.4(c) shows temperature-dependent PL spectra of In0.5Ga0.5N CQDs (same 
concentration of Ga and In). When the In faction increased, the PL intensities at ~560 and 
~580 nm significantly increased compared with those of the InxGa1-xN CQDs with low In 
fractions. From this result, the PL emissions at ~560 nm and ~580 nm were confirmed to 
directly originate from the In alloy states. Reduction of the PL intensity at ~560 nm in 
In0.5Ga0.5N CQDs is slightly faster than that at ~520 nm, in contrast to the trend shown in the 
InxGa1-xN CQDs with a low In fraction. This result suggested that the contribution of the In 
alloy-mediated state increased with increasing In fraction and that the radiative 
recombination states in In0.5Ga0.5N CQDs were affected by both the GaN and In 
alloy-mediated states; however, the radiative recombination was influenced slightly more by 
the In alloy-mediated states. 
Based on the changes in the PL spectra as a function of the In metal fraction, the PL 
emission at ~560 nm and ~580 nm should significantly increase in In0.75Ga0.25N CQDs (high 
In fraction). However, interestingly, the In0.75Ga0.25N CQDs exhibited different PL spectra 
compared with those of the InxGa1-xN CQDs (x=0 to 0.5); these differences are highlighted 
by the following observations: (1) The PL peaks at ~560 nm and ~580 nm are not clearly 
observed. (2) The PL peak at ~520 nm redshifts with increasing temperature. (3) PL intensity 
at ~460 nm is significantly higher. (4) A new PL emission at ~490 nm is observed. When the 
In metal fraction is greater than 75 %, the number of In-mediated states with higher defect 
levels also dramatically increased (the PL-QY decreased from 34 % to 3 % in Fig. 2.10). As a 
result, the PL properties of In0.75Ga0.25N were found to be strongly affected by the In 
alloy-mediated states. Therefore, the PL emissions at ~560 nm and ~580 nm were strongly 
quenched and not observable, even at low temperatures. The redshift of the PL peak at ~520 
nm was caused by exciton-phonon interactions,23 which resulted from the defect-sensitive 
condition due to the increase in the In fraction. 
In Fig. 2.4(b) and 2.4(d), the PL intensity at ~460 nm in InxGa1-xN CQDs was observed 
to increase with increasing In fraction. These phenomena can be explained by the relative PL 
quenching rates of the GaN-mediated peak (~460 nm) and In alloy-mediated peaks (~560 and 
~580 nm). When the In fraction increased, the PL intensity of the InxGa1-xN CQDs decreased 
due to the increase in the number of defect states. The In alloy-mediated PL emission was 
found to be more sensitive to defects and more easily quenched than that related to the 
GaN-mediated states. Therefore, the PL intensities at ~560 nm and ~580 nm were reduced 
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compared to that of the PL intensity at ~460 nm in the InxGa1-xN CQDs, i.e., the PL intensity 
at ~460 nm appears to be high in the InxGa1-xN CQDs. The temperature-dependent PL 
experiments on InxGa1-xN CQDs demonstrated that large and rapid PL quenching of 
InxGa1-xN CQDs by In-mediated defect states was responsible for the lack of the PL spectral 
change. The power dependence and time-correlated single photon counting (TCSPC) results 
of InxGa1-xN CQDs are shown in Fig. 2.13 and Fig. 2.14. 
From Fig. 2.3 and Fig. 2.4, the PL spectra of InxGa1-xN CQDs consisted of multiple 
peaks, with each of the peak intensities and ratios changing by varying the metal fraction. As 
mentioned above, the optical properties of InxGa1-xN CQDs were determined by their crystal 
structures. Unfortunately, the XRD results in Fig. 2.2 do not clearly show the phase 
information for the InxGa1-xN CQDs due to the low crystallinity; therefore, other technical 
methods must be utilized to determine the relationship between the optical properties and the 
crystal structures of the InxGa1-xN CQDs. As shown in the results of A. Rizzi et al.24, the 
crystal structures of the InxGa1-xN CQDs consisted of multiple phase states, and their crystal 
structures were controlled by the phase differences. To investigate the phase states of 
InxGa1-xN CQDs, X-ray absorption spectroscopy (XAS) studies were conducted, which 
consisted of examination of the X-ray absorption near edge spectrum (XANES, Fig. 2.15) 
and the X-ray absorption fine structure (XAFS, Fig. 2.5). All of the characterizations were 
conducted for the In K-edge state. Fig. 2.5(a) shows a magnified view of the XAFS results of 
the InxGa1-xN CQDs (x = 0.25 to 1), which demonstrates each phase of the InxGa1-xN CQDs. 
All the InxGa1-xN CQDs exhibit three peaks in the 2.2 to 3.4 Å range. For convenience, the 
three regions representing these peaks were denoted A, B, and C. The coordination peaks in 
the A and B regions were located between the In-N and In-In coordination bindings, and the 
C region was located near the In-In coordination site. In these results, the A and B regions are 
located very close to each other; therefore, it is very difficult to determine whether the A and 
B regions have the same or different coordination. However, the XAFS results indicated that 
the crystal structures of our InxGa1-xN CQDs consisted of multiple phase states. Fig. 2.5(b) 
shows the change in the Fourier transform intensity of the A, B, and C regions with the 
change in the In fraction. With increasing In fraction, the Fourier transform intensity of the A 
region decreased, that of the B region slightly increased, and that of the C region dramatically 
increased, i.e., each phase had a specific metal ratio, but the inherent phases did not change 
due to the change in the metal fraction. The multiple phase generation and Fourier transform 
intensity change with metal fraction variation suggested that InxGa1-xN CQDs had multiple 
energy states originating from multiple phases, which results in multiple peaks in the PL 
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spectrum. The XANES and wide-range XAFS results are described in Fig. 2.15(a) and Fig. 
2.15(b), respectively. 
Using the resulting InxGa1-xN CQDs, QLEDs were fabricated, and the device 
performances of the QLEDs were characterized (Fig. 2.6). The fabricated QLEDs had a 
simple structure of ITO/ZnO (40 nm)/InxGa1-xN CQDs (10 nm)/HILs (60-80 nm)/MoO3 (10 
nm)/Ag (100 nm). In0.25Ga0.75N CQDs were used as the emissive materials layer because they 
exhibited the highest PL-QY. The energy levels of the highest occupied molecular orbital 
(HOMO) and the lowest unoccupied molecular orbital (LUMO) of the In0.25Ga0.75N CQDs 
were determined from ultraviolet photoemission spectroscopy (UPS, Fig. 2.16) and the 
optical band gap, which was estimated from the absorption and PL results. As shown in Fig. 
2.6(a), In0.25Ga0.75N CQDs have a deep HOMO level compared to other CQDs (such as CdSe 
and InP) or general luminescent materials. The deep HOMO energy level of InxGa1-xN CQDs 
induced high charge (especially hole) injection barriers; therefore, an inverted structure and 
several hole injection layers (HILs) were used to reduce the charge injection barriers. 
Chemically synthesized ZnO NPs were used to form the electron injection layer (EIL). 
Layers of CBP25, TPBi/CBP, and CBP/HAT-CN26 were used as HILs, and the devices with 
these different HILs were denoted as devices A, B, and C, respectively. 
Fig. 2.6(b) and Fig. 2.6(c) show the current and luminance vs. voltage curves of the 
QLEDs, respectively. Device A and device B exhibit similar current and luminance 
characteristics. The slightly higher turn-on of device B compared to device A is due to the 
thicker HTL thickness. However, device C exhibits a lower current as well as a luminance 
with a high turn-on voltage. This poor performance of device C indicates that the charge 
balance in device C is poor due to the use of CBP/HAT-CN as the HIL, in contrast to the 
previous results.27 Device B shows the best device performance with the maximum 
luminescence of ~45 cd/m2 at 18 V. The TPBi layer improved the charge balance by 
accumulation of holes at the interface between TPBi and CBP.26 The power efficiency vs. 
luminance curve of device B was described in Fig. 2.17(a). 
Fig. 6(d) shows the EL spectrum of device B at 18 V. The shape and peak position in the 
EL spectrum were the same as those of the PL spectrum. Therefore, the EL spectrum of the 
QLED is confirmed to originate from the In0.25Ga0.75N CQDs. The EL spectrum of the QLED 
did not change with applied voltage, as shown in Fig. 2.17(b), which indicates that 
In0.25Ga0.75N CQDs have high electrical and thermal stabilities. The EL emission at ~410 nm 
at high applied voltage might originate from CBP. 
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To verify the potential of our InxGa1-xN CQDs for use in flexible LEDs, a QLED with an 
ITO-coated PET as an electrode was fabricated and characterized. Fig. 2.6(e) presents a 
digital camera image of green EL emission from the QLED. This result indicates that 
InxGa1-xN CQDs synthesized using the wet-chemical method can be a good candidate for 
replacing conventional CQDs with cadmium in various opto-electronic applications, 
especially eco-friendly flexible displays. 
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Conclusion 
 
   Visible light emissive InxGa1-xN CQDs were realized for the first time via a simple and 
mild chemical synthetic method, and flexible QLEDs using metal nitride CQDs were 
demonstrated for the first time. The band gaps of the InxGa1-xN CQDs were varied by varying 
the metal fraction and by using particle size control. Green and blue emissive InxGa1-xN 
CQDs were easily realized via particle size control. However, in contrast to theoretical 
expectations, varying the metal fraction was not effective for tuning the band gap of 
InxGa1-xN CQDs. From temperature-dependent PL experiments of the InxGa1-xN CQDs, the 
PL emissions at ~560 nm and ~580 nm were found to originate from the In-mediated states; 
however, the large and rapid PL quenching of the InxGa1-xN CQDs by the In-mediated defect 
states with increasing In fraction make it impossible to tune the InxGa1-xN CQD band gap 
over the entire visible spectrum. The XAS (XAFS, XANES) results demonstrated that the 
crystal states of InxGa1-xN CQDs consist of multiple-phase condition and that their crystal 
structures changed with the metal fraction. In addition, the multiple peaks in the PL spectra of 
InxGa1-xN CQDs resulted from the multiple phases, which have multiple energy states. 
Inverted structured QLEDs were fabricated based on the InxGa1-xN CQDs, and the device 
performances were characterized. The best QLED exhibited green EL emission with a 
maximum luminescence of ~45 cd/m2. Despite our relatively poor device performance, this 
device represents the first demonstration of green QLEDs using chemically synthesized 
InxGa1-xN CQDs as the emissive material. 
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Experimental Methods. 
Synthesis of InxGa1-xN CQDs: Unless noted otherwise, all synthetic steps were 
performed under purified argon atmosphere using a M. Braun glovebox or standard Schlenk 
line techniques. The indium-gallium oleate complex solution was prepared by mixing x (0 to 
1) mmol of gallium(III) acetylacetonate, 1-x mmol of indium(III) acetylacetonate, 4.525 mL 
of 1-octadecene (ODE), and 0.6 to 2.2 mmol of oleic acid under vigorous mixing by 
increasing the temperature to 300 °C. When the solution temperature reached 300 °C, a 
mixture of 0.9 mL of ODE and 0.5 mmol of hexamethyldisilazane (HMDS) was rapidly 
injected into the reactor. The solution was maintained at 300 °C for 0.5 h and then cooled to 
room temperature to terminate the reaction. For purification of the InxGa1-xN CQDs, a 
precipitation/redispersion method was used. The product solution was precipitated with 
excess non-solvent and then redispersed in hexane. After repeating the purification procedure 
(typically 5 times), the precipitated CQDs were dried under an argon flow for 5 min and then 
dispersed in various organic solvents (approximately 50 mg mL‑ 1). 
Characterization of the InxGa1-xN CQDs: Characterization of the morphology, crystal 
structure, binding energy, and composition of the metal nitride CQDs were investigated via 
high-resolution transmission electron microscopy (TEM, JEOL, JEM-2100F), X-ray 
diffraction (XRD, Rigaku, D/MAZX 2500V/PC, Cu-Kα radiation source, λ = 0.15418 nm), 
X-ray photoelectron spectroscopy (XPS, Escalab 250xi), inductively coupled plasma-mass 
spectroscopy (ICP-MS, Perkin Elmer, Elan DRC-II), and X-ray absorption spectroscopy 
(XAS and XANES, Pohang Accelerator Lab, XAFS 7D line). Ultraviolet photoelectron 
spectroscopy (UPS, Escalab 250xi), UV-visible spectroscopy (UV-Vis, Agilent), room 
temperature solution PL (Agilent), temperature- and power-dependent film PL, and 
time-correlated single photon counting (TCSPC) were utilized to characterize the optical 
properties of the metal nitride CQDs. 
Relative photoluminescence quantum yield measurements: The relative PL-QY were 
measured by comparing the fluorescence intensities of InxGa1-xN CQDs with the intensity of 
a primary standard dye solution (coumarin 545, PL-QY: 95 % in ethanol, rhodamine 6G, 
PL-QY: 95 % in ethanol) under different excitation conditions (440 nm and 500 nm). The PL 
intensity measurements of InxGa1-xN CQDs were conducted using dilute solutions with 
absorbances below 0.07 at the excitation wavelength to minimize re-absorption between the 
CQDs. The PL QY was calculated using the following equation:28 
PL QY =      (1) 
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In this equation, I is the integrated area of each PL spectrum, A is the absorbance of a solution 
at the excitation condition, and n is the refractive index of the solvent used. 
Temperature and power dependent PL experiments: PL spectra were measured using 
a 15-cm monochromator (SP-2150i, Acton) equipped with a photomultiplier tube (PMT) and 
using a tunable Ti:sapphire laser (Mira900, Coherent) as the excitation light source. The 
temperature was varied between 20 K and 300 K using a He closed-cycle Displex 
refrigeration system. The excitation laser power at 375 nm was changed from 0.28 to 11.6 
mW. 
Time-Correlated Single Photon Counting (TCSPC) Experiments: The PL decays of 
the InxGa1-xN CQDs were investigated using time-correlated single photon counting 
(TCSPC) measurements. The second harmonic (SHG = 375 nm) of a tunable Ti:sapphire 
laser (Mira900, Coherent), with a ∼150 fs pulse width and 76 MHz repetition rate, was used 
as the excitation source. The PL emission was spectrally resolved using some collection 
optics and a monochromator (SP-2150i, Acton). A TCSPC module (PicoHarp, PicoQuant) 
with a MCP-PMT (R3809U-59, Hamamatsu) was used for ultrafast measurement of the PL 
decay. The total instrument response function (IRF) for the PL decay was less than 140 ps, 
and the temporal resolution was less than 10 ps. The deconvolution of the actual fluorescence 
decay and the IRF was performed using fitting software (FlouFit, PicoQuant) to determine 
the time constant associated with each of the observed exponential decays. 
Characterization of the Valence band (HOMO) and the Conduction band (LUMO) 
of In0.25Ga0.75N CQDs: The energy levels of the In0.25Ga0.75N CQDs were measured in the 
film state; the CQD films were spin coated onto ZnO-NP-coated ITO substrates. A 
gold-coated ITO substrate was used as a reference. The HOMO energy level was determined 
from the incident photon energy (21.2 eV), the high binding energy cut-off (Ecutoff), and the 
onset point in the valence band state (Eonset) according to the equation. 
VB = 21.2 – Ecutoff – Eonset  
The LUMO energy level was determined by using the HOMO energy level and the band gap 
of the In0.25Ga0.75N CQDs (estimated from the absorption and PL results). 
Synthesis of ZnO nanoparticles: ZnO nanoparticles were synthesized via a modified 
Pacholski method.29 The 13 mmol of zinc acetate dihydrate and 120 mL of methanol were 
mixed in a three-neck round-bottom flask and then heated to 60 °C. When the temperature 
reached at 60 °C, 27 mmol of potassium hydroxide and 60 mL of the methanol solution were 
injected drop-wise into a zinc acetate solution with strong agitation. The solution was kept at 
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60 °C for 135 min. When the reaction was terminated, the ZnO nanoparticle solution 
appeared as a milky solution. After being precipitated by centrifugation at 4000 rpm, the 
product was washed with methanol to remove the residual reactants. Finally, the ZnO product 
was precipitated by centrifugation and then re-dispersed in 5 mL of butanol (10 mg/mL). 
Device fabrication and characterization: The fabricated QD-LEDs had a structure of 
ITO/ZnO (40 nm)/In0.25Ga0.75N CQDs (10 nm)/HTL (60-80 nm)/MoO3 (10 nm)/Ag (100 nm). 
The ITO substrates were cleaned with organic solvents and O2 plasma treatment for 10 min. 
The electron injection ZnO nanoparticle (NP) films with thicknesses of 40 nm were 
spin-coated on the ITO substrates using 45 mg/mL of the ZnO NPs solution (in butanol) and 
then dried at 150 °C for 30 min. A In0.25Ga0.17N CQD layer with a thickness of 10 nm was 
spin-coated onto the ZnO-NP layer using a 7.5 mg/mL CQDs solution (in octane); the CQD 
layer was used as the emitting layer. Three different hole injection layers, CBP (60 nm), TPBi 
(5 nm), and HAT-CN (20 nm), were thermally evaporated at a deposition rate of 1 ~1.5 Å s-1. 
A 10-nm-thick MoOx layer and a 100-nm-thick Ag layer were thermally evaporated on top of 
the hole injection layers as the cathode. A PET-ITO substrate (Sigma-Aldrich, 60 ohm cm-2) 
replaced the glass ITO substrate for fabrication of the flexible QD-LED. The 
current-voltage-luminance characteristics of the QD-LEDs were measured using a Keithley 
2400 source measurement unit and a luminance metre (Minolta, CS-100A). The EL spectra 
were measured using a Fibre Optic Spectrometer. (K-Mac, SV 2100). 
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Explanation of additional figures 
 
Fig. 2.13 showed power dependence-PL (P-PL) characterization to define band 
structure and defect condition of InxGa1-xN CQDs. The sample conditions were same for 
T-PL measurement. Fig. 2.13-a showed P-PL results of GaN which spectrums were 
composed to two peaks where 460 nm and 520 nm position. This results did not have any 
change of peak intensity ratio from excitation power control. This meaning was that 460 nm 
and 520 nm state were composed for band like structure and exciton capacity of each position 
was similar state. Also peak position of Fig. 2.13-a did not show any peak shift from 
excitation power change. From these fixed peak positions, we confirmed that the origin of 
luminescent of GaN were composed for band-edge recombination. Fig. 2.13-b showed P-PL 
results of In0.25Ga0.75N condition for verification of In metal alloy effect. In this result, we 
found peak evolution and emerging that 460 nm peak intensity was reduced and 550 nm with 
580 nm shoulder peaks were emerged from In metal alloy. From these emerged peaks at 550 
nm and 580 nm, we could estimate that In metal alloy served red shifted energy levels. Fig. 
2.13-b showed that excitation power increments were induced faster increment of 520 nm 
peak intensity than 550 nm peak position. From this tendency, 550 nm state had faster exciton 
saturation from laser source than 520 nm which meaning was that 520 nm had more perfect 
feature of band like energy level state than 550 nm. Fig. 2.13-b showed that In metal 
mediated peak (550 nm) had faster exciton saturation than GaN mediated peak (520 nm) 
because In0.25Ga0.75N had low fraction of In related energy state. Fig. 2.13-c exhibited P-PL 
of In0.5Ga0.5N. These results shows growth of In alloy mediated peak from In fraction 
enhancement. Fig. 2.13-c showed faster increment of 520 nm peak intensity than 550 nm 
peak from excitation power amplification. From these results, GaN mediated level had more 
exciton capacity than In alloy mediated energy level when In and Ga fraction were equal. The 
results of In0.75Ga0.25N condition of Fig. 2.13-d showed different tendency from previous 
results of Fig. 2.13-a to Fig. 2.13-c. Fig. 2.13-a to Fig. 2.13-c results showed higher intensity 
ratio of Ga mediated peaks (460 nm, 490 nm, and 520 nm) than In alloy mediated peaks (550 
nm and 580 nm). However, Fig. 2.13-d exhibits P-PL results of In0.75Ga0.25N which showed 
faster increment of 460 nm and 490 nm peak intensity than 520 nm, 550 nm, and 580 nm 
from excitation power amplification. This results indicated that GaN mediated peaks had 
more perfect band structure than In alloy mediated levels at In-rich state. 
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Fig. 2.14 showed Time-correlated single-photon counting (TCSPC) results for 
characterization of exciton lifetime differences from metal fraction variation. For 
characterization of PL-decay, we choose 520 nm (GaN meditated) and 550 nm (In mediated) 
position. The excitation source was utilized for 375 nm (MIRA laser). The PL decay curves 
of Fig. 2.14 were fitted bi-exponential decay response functions. Each results of 520 nm and 
550 nm state showed decrement of PL decay time from In fraction increasing as described in 
Fig. 2.14-a and Fig. 2.14-b. For exact comparison of PL decay tendency, we calculated 
average decay time. The average decay time < τ > was calculated using the formula, < τ > = 
f1 τ1 + f2 τ2, where fi is the fractional intensities and τi is the lifetime. Fig. 2.14-c showed < τ 
> values of decay times of 520 nm and 550 nm position depending on In fraction control. The 
GaN mediated peak (520 nm) had decay time decreasing via In fraction increment with the 
decay time reducing ratio were saturated even though In fraction increment. This results 
showed that GaN mediated peaks were effected from In alloy influenced defect. However 
this could not serve proportional decreasing of decay time from In fraction increment. The 
case of In mediated position (550 nm), the decay ratio had proportional decrement from In 
fraction. These results showed that In alloy mediated peak was more influenced from In 
induced defect than GaN mediated state. From TSCPC characterization, we can be explained 
by a model in which In fraction increment were reduced the decay time of the excited states 
by increasing the non-radiative quenching pathways. 
The XANES results were presented white line absorption increment from Ga fraction 
increasing as presented in Fig. 2.15-a. From Ga fraction increasing, the atomic position of 
neighbor inter-atomic distances and bond angle of In components were changed. Fig. 2.15-b 
showed XAFS results of InxGa1-xN QDs (x = 0.25, 0.5, and 0.75). This results showed that 
high crystalline InN had fine split In (core) with N or In coordination binding peak. Also, we 
could find tendency what reducing of coordination binding peak intensity with peak splitting 
from Ga metal fraction increment. This condition was related to crystallinity of each 
condition as shown in XRD. 
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Fig. 2.1 Reaction mechanism of InxGa1-xN CQDs.  InxGa1-xN CQDs synthesized from air  
stable metal precursors with liquid phase nitrogen source via simple hot-injection method. 
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Fig. 2.2 X-ray characterization of InxGa1-xN CQDs. (a) XRD spectra of InxGa1-xN CQDs 
(x = 0, 0.25, and 0.5) and (b) InxGa1-xN CQDs (x = 0.5, 0.75, and 1) [GaN PDF number: 
00-050-0792, and InN PDF number: 01-088-2365]. XPS spectra of (c) Ga3d binding, and (d) 
N1s binding position of InxGa1-xN (x = 0.25, 0.5, and 0.75). The XPS results were calibrated 
to the C1s peak (284.8 eV). 
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Fig. 2.3 Band gap characterization of InxGa1-xN CQDs solution. (a) UV-vis absorption 
spectra and (b) PL spectra of the InxGa1-xN (x = 0.25, 0.5, and 0.75) for metal fraction 
variable. (c) UV-vis absorption spectra and (d) PL spectra of the size controlled In0.25Ga0.75N 
(O.A. = 0.6, 1.2, and 2.2 mmol) for O.A. variable. 
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Fig. 2.4 Temperature-dependent PL spectra of InxGa1-xN CQDs. (a) GaN, (b) 
In0.25Ga0.75N, (c) In0.5Ga0.5N, and (d) In0.75Ga0.25N CQDs-coated Si substrates. The fs tunable 
Ti:sapphire laser (Mira900, Coherent) was used as an excitation source (λexc = 375 nm, 
excitation laser power: 1.1 mW) for the data at 20 K. 
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Fig. 2.5 XAFS characterization of InxGa1-xN CQDs. (a) XAFS spectra of InxGa1-xN (x = 
0.25, 0.5, 0.75, and 1). For comparison of the Fourier transform magnitude of each condition, 
the XAFS spectra were magnified in the range of 2.2 to 3.4 Å. (b) The Fourier transform 
magnitude of InxGa1-xN (x = 0.25, 0.5, and 0.75) for the A, B, and C phases. The intensities 
were calibrated by using indium acetylacetonate as a reference. 
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Fig. 2.6 Device performance and characterization. (a) Schematic energy diagram of the 
QD-LEDs with different HILs. (b) Current vs. voltage, (c) luminance vs. voltage curves of 
the QD-LEDs with different HILs. (d) EL spectrum and (e) Digital camera image of the 
QD-LED using In0.25Ga0.75N CQDs as the emissive layer at 18 V. 
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Fig. 2.8 Optimization of various nitrogen sources. Band gap controllability (a) with PL-QY 
properties (b) of various proton binding affinity conditions of nitrogen sources. 
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Fig. 2.9 Metal quantity characterization. ICP-MS results of metal ratio controlled 
InxGa1-xN QDs. (x = 0.25, 0.5, and 0.75) 
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Fig. 2.10 PL-QY results of InxGa1-xN (x = 0.25, 0.5, and 0.75) 
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Fig. 2.11 TEM image of (a) green condition (O.A. = 1.2 mmol) and (b) blue condition (O.A. 
= 2.2 mmol) of In0.25Ga0.75N QDs. The single component image of (c) InN and (d) GaN. (O.A 
= 1.2 mmol, Average size : InN : 5 ~ 5.5 nm, GaN : 3.5 ~ 4 nm) 
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Fig. 2.12 Solution PL spectra of size controlled In0.25Ga0.75N from O.A. quantity control 
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Fig. 2.13 Power dependence PL results of InxGa1-xN. (a) GaN, (b) In0.25Ga0.75N, (c) 
In0.5Ga0.5N, and (d) In0.75Ga0.25N QDs. The excitation source of the PL measurement is a 
MIRA laser (λ = 375 nm, T = 20 K). 
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Fig. 2.14 PL decay characterization with decay time analysis of InxGa1-xN. (a) TCSPC 
results of InxGa1-xN at 520 nm position (x = 0, 0.25, 0.5, and 0.75) and (b) TCSPC results of 
InxGa1-xN at 550 nm position (x = 0, 0.25, 0.5, and 0.75). (c) The average decay time of 
InxGa1-xN (x = 0, 0.25, 0.5, and 0.75) at 520 nm and 550 nm peak position. 
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Fig. 2.15 XAS characterization of InxGa1-xN. (a) XANES results of InxGa1-xN (x = 0.25, 
0.5, 0.75, and 1). (b) XAFS results of InxGa1-xN (x = 0.25, 0.5, 0.75, and 1)  
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Fig. 2.16 Energy level characterization from UPS analysis. (a) High binding energy 
cut-off region and (b) valence band region in UPS of In0.25Ga0.75N CQDs. The valence band 
level was determined for 7.24 eV and the detail information of VB calculation was in 
experimental method. 
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Fig. 2.17 QD-LED characterization. Luminous power efficiency (a) and 
electroluminescence voltage (b) behavior. 
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2.3 Synthetic strategies of the metal nitride quantum dots for wide band gap control 
 
2.3.1 Experiment concept introduction 
 
The colloidal metal nitride demonstrated for the photoactive layer of the QLEDs 
application at the fore chapter. However, the In and Ga based synthetic condition had 
limitation for control their band gap for the red emission. We tried the further research for the 
secure the red light emission. 
Firstly, the In and Ga alloy control for band gap control utilized, but the InN had low 
photoluminescence and the In alloy could not serve the red shift as shown previous results. 
The InxGa1-xN QDs had the green to blue range band gap as shown previous result. For the 
realization of the red emitting metal nitride for full covering of the visible range, we had to 
find the fresh strategies. Firstly, the dopant applied at the GaN QDs for making the mid-gap 
state. Secondly, the metal alloy applied for the control of the band edge state control. 
Firstly, for the emerging the mid-gap state, the Eu element utilized as dopant at GaN QDs. 
The Eu induced the energy transfer of host materials. The conventional GaN film technology 
utilized the Eu doping for realization of the red emissive metal nitride materials.1,2 For the 
GaN host QDs synthesis, we utilized the HMDS with Ga oleate complex and the Eu halide 
used as dopant precursor for using the host-guest energy transfer as shown in Fig. 2.18. 
Secondly, for the band edge control, the metal alloy at GaN QDs for change the band 
edge state. From the metal alloy, the overall electronegativity of the cation changed and this 
electronegativity change induced the overall band edge position as shown in Fig. 2.19.3 For 
this, the Zn metal chooses for the alloy component at the GaN QDs. The Zn nitride had near 
infrared (NIR) band gap  at bulk scale with eco-friendly component.4 Also, the Zn metal is 
cheaper and abundant than In metal. However, the Zn3N2 semiconductors still undeveloped 
materials from unfamiliar of the synthetic method. The Zn3N2 QDs synthesis procedure 
realized from Tayler et. al. at 2014 year. 5 For the synthesis of the Zn3N2 QDs, the diethyl 
zinc and ammonia gas utilized as the precursor for the synthesis of the QDs. The Zn3N2 QDs 
showed the yellow to NIR range band gap via particle size control via precursor quantity 
control. From this, the Zn3N2 QDs could apply the quantum confinement effect for tuning the 
band gap. However, this method used the gas phase NH3 precursor for nitration of the Zn 
precursor, which induced the limitation for the mass production and the reproducibility. 
For serving easy synthetic procedure, the nitrogen source had to change for the solid or 
liquid phase for exact quantization of the nitrogen source. Towards the optimization of the 
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nitration reaction, we studied the chemical properties of the metal nitride. The metal nitride 
had more stronger ionic character than the metal chalcogenide and pnictide materials as 
shown in Fig. 2.20.6 From this ionic character, we changed the combination of the precursors 
with maintaining the colloidal synthetic condition. 
The precursor combination researched for the inducing the ionic reaction between Zn, Ga 
precursor and nitrogen precursor. The conventional ionic pathway for the nitration of Ga 
precursor utilized the supercritical NH3 under high pressure condition which called 
ammonolysis. 7 The supercritical state NH3 utilized as solvent and nitrogen source and the 
LiNH2 or NaNH2 utilized as mineralizer for inducing dissolution of the tiny GaN crystals for 
changing the growth source of the larger GaN crystal. The mineralizer acted as the nitration 
source with promoter for the GaN crystal growth.8 However, the conventional reactor could 
not make supercritical state NH3 media, and the ammonolysis not suited for utilizing the 
arrested precipitation method. Otherwise, the aqueous media based InxGa1-xN crystal 
synthetic method developed. 9 This aqueous media served the effective pathway for making 
the nitride products via ionic crystal precipitation. Also, the InxGa1-xN nanoparticle utilized as 
photoactive layer of solar cells. However, the aqueous media InxGa1-xN nanoparticle had 
weak photoluminescence properties with many defect sites. Also, the Zn3N2 had low stability 
for the aqueous condition. From exposure for the H2O, the Zn3N2 change for the ZnO form as 
shown below equation. 
 
 
Zn3N2 + 3H2O -> 3ZnO + 2NH3 
 
 
As mentioned above, the Zn3N2 easily oxidized, the conventional colloidal synthetic 
method utilized with inert media via schlenk line technique. The arrested precipitation 
utilized from cation, anion, and ligand solution. The Zn metal precursor had various forms for 
Zn oleate, Zn halide, and diethyl zinc for synthesis of the ZnSe, ZnS, Zn3N2 and so on. The 
HMDS, NH3 gas, and metal amide utilized the nitrogen source for nitration of the metals.5,8 
The HMDS had low reactivity for the nitration of the Zn precursors, and the NH3 gas had 
limitation for the quantization with mass production of metal nitride colloidal QDs. For the 
nitration of metal precursors, the alkali metal amide utilized in this part. The LiNH2 and 
NaNH2 amide salt well known mineralizers and nitrogen sources for synthesis of the GaN 
materials. 8,10 For the optimization of the nitration reaction, the reactivity of the various metal 
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precursors, binding strength of the ligands, and the reduction ratio of the metal precursors 
studied. From these experiments, we could get the 450 nm to 610 nm range band gap from 
metal precursor ratio control of Zn and Ga. 
From this chapter, we want for proposal of the properties and potential of the metal 
nitride quantum dots as eco-friendly next-generation photoactive materials. And also, from 
these results, we want for the growth of the research field of the metal nitride QDs. 
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Fig. 2.18 Schematic illustration of the host-guest energy transfer (left) and the result of 
the energy transfer of the Eu doped GaN (right) 
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Fig. 2.19 The relationship between the electronegativity change with bandage.3 (all right 
reserved in ECS) 
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Fig. 2.20 The iconicity differences of the Gallium oxide, Gallium nitride and Gallium 
arsenide materials.6 (all right reserved in RSC) 
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2.4 Eu doped GaN quantum dot synthesis for red emitting metal nitride quantum 
dot realization via host-guest energy transfer 
 
2.4.1 Results and discussion 
Eu doped GaN for red emitting metal nitride realization. 
 
Previous results showed that the In and Ga alloy had limitation for the covering the 
visible range band gaps which condition showed green to blue range. These limitations 
related for the low crystallinity of the GaN material and the phase separation of the InN and 
GaN. From these phase separations with low crystallinity, the band edge state of the GaN 
fixed not changed from In metal alloy. For realization of the red emission, we utilized the 
mid-gap state from Eu metal doping as shown in Fig. 2.21. 
The GaN QDs utilized as host material, which synthesized for the Ga oleate with HMDS 
condition. For Eu doping, the EuCl3 utilized for mixture of the batch solution. The doping 
ratio controlled via the ratio control of the Ga and Eu. 
The absorbance results of the Fig. 2.22 showed that the excitonic peak positions not 
changed, but the 2nd and 3rd peak intensity decreased from increasing of the Eu dopant ratio, 
which related for the increasing of the energy transfer ratio. The photoluminescence results 
showed the effect of the Eu dopant. The characterization condition was that the solution state 
with room temperature condition. The Fig. 2.22 showed that the 520 nm of host main peak 
decreased with emerged and increased of the 590 nm and 620 nm peaks via Eu doping 
concentration increasing. These emerged peaks related for the infra 4f shell transition of 
5D0-7F2, which related for the Eu element.1-4 Also, the image of the QDs solution with UV 
light showed that the red shift induced via the increasing of the Eu dopant quantity. 
For the detail characterization, the low-temperature photoluminescence characterization 
applied at Fig. 2.23. For the exact characterization, the Eu doped GaN QDs coated at Si 
substrate. The temperature range were 30 K and 300 K condition. From these condition, we 
wanted for find the exact photoluminescence peak of the results of the energy transfer. The 
host peak of GaN reduced for the increasing of the Eu dopant ratio. The 30 K condition 
showed that the dopant peak intensity relatively higher than the 300 K condition. The fig. 
2.23 showed the intensity ratio of the host and guest peak intensity via Eu dopant quantity 
with temperature condition. From increasing the Eu element, the energy transfer ratio 
increased. The energy transfer ratio directly related for the temperature of the materials. As 
shown Fig. 2.24, the low temperature served higher energy transfer efficiency for 1.5 to 3 
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times. The energy transfer ratio increased via Eu dopant increasing, but this increasing rate 
saturated as shown in Fig. 2.24. From this tendency, the energy transfer ratio had limitation 
under ambient temperature even the Eu dopant ratio increasing. 
The time-correlated single photon counting (TCSPC) showed in Fig. 2.24. For the 
precisely characterization of the energy transfer, the TCSPC characterized under 30 K 
temperature. The host peak position characterized for the defining of the energy transfer. 
From Eu doping, the decay curve immediately decreased as shown the result, but the decay 
tendency saturated even the Eu dopant concentration increasing. These saturation tendencies 
had similarity with the low-temperature photoluminescence results. From these optical 
characterization, the Eu element served the energy transfer pathway as guest state, but the 
over 0.1 mmol of the Eu contents showed meaningless for increasing the energy transfer 
ratio. 
For the particle size characterization, the TEM utilized at Fig. 2.25. The particle size of 
the GaN and Eu doped GaN QDs had 3 nm to 4 nm range with spherical shape. 
For the characterization of the crystal state of the Eu doped GaN, the XRD 
characterization utilized as described in Fig. 2.26. The GaN QDs had low crystallinity as 
presented above chapter. However, the XRD peak shape changed from Eu doping. The (101) 
peak shifted for the low angle position, and the (103) peak emerged and shifted from 
increasing the crystallinity and the changing the lattice constant from Eu doping. However, 
the crystallinity collapsed from over the 0.1 mmol of the Eu element. Also, the emerged (103) 
peak disappeared from the overdose of the Eu elements. The Eu had larger atomic size than 
Ga atom which induced the enhancement of the crystallinity of the host material, however the 
overdose of the Eu element could breakdown of the host lattice structure as shown in this 
XRD results. From these tendency, we could understand of the above optical characterization 
results. 
For the more detail characterization, the X-ray absorption fine structure (XAFS) 
characterization utilized has shown in Fig. 2.27. The Fig. 2.27 showed the Fourier 
transformation results of the XAFS. From Eu doping, the atom to atom distance of the Ga-N 
increased as shown the XAFS results, which related for the size of the Eu atoms. However, 
over the 0.1 mmol of the Eu could not change the distance of the Ga-N. From these XRD and 
XAFS results, the Eu doping had limitation for the effective alloy at the host GaN QDs. 
The crystal structure breakdown from the overdose of the Eu showed possibility of the 
limitation of the dopant concentration. For characterization of the direct binding of the Eu, 
Ga, and N, the X-ray photoelectron spectroscopy (XPS) utilized as shown in Fig. 2.27. The 
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binding energy of the Ga3d, and Eu3d characterized. From the XPS characterization, the 
peak shift detected from the Eu concentration increasing over 0.1 mmol. From insertion of 
the Eu metal for the GaN host lattice, the overall electronegativity changed which induced the 
change of the binding strength. From XPS results, the overall concentration of the Eu atom 
increased from adding the Eu precursor. The XRD and XAFS showed the lattice structure 
change of the Eu metal alloying. 
From these above results, the Eu doping at GaN served red emission from emerging the 
mid-gap state. However, the Eu mediated energy transfer site had limitation for increasing of 
the red emission property. For demonstration of these reason, the XRD and XAFS 
characterization utilized. The X-ray characterization showed the lattice structure change and 
breakdown from Eu dopant insertion at the GaN QDs. From these study, the red emission 
metal nitride realized from the Eu doped GaN even this system had some limitation. 
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Fig. 2.21 Schematic illustration of the host-guest energy transfer (left) and the result of 
the energy transfer of the Eu doped GaN (right) 
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Fig. 2.22 UV-vis absorbance and the Photoluminescence results of the Eu doped GaN 
QDs (solution state, room temperature condition). The solution image of the pristine GaN and 
the Eu doped GaN. 
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Fig. 2.23 Low temperature photoluminescence (30 K) and the room temperature 
condition photoluminescence (300 K). The PL intensity ratio of the Host and Guest peak. 
 
 
 
 
 
 
 
 
 
 
 
 86 
 
Fig. 2.24 TCSPC characterization results of the Eu doped GaN QDs and the decay 
lifetime. (Characterization condition : 30 K, film state) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 87 
 
 
Fig. 2.25 TEM image of the pristine GaN QDs and the Eu doped GaN QDs (particle size 
range : 3 ~ 4 nm) 
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Fig. 2.26 X-ray diffraction results and the X-ray absorption fine structure (XAFS) results 
of the pristine GaN and the Eu doped GaN QDs. 
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Fig. 2.27 X-ray photoelectron spectroscopy (XPS) result of the pristine GaN and the Eu 
doped GaN QDs. (The Ga3d and Eu3d binding position) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 90 
2.4.2 Reference 
 
(1) Lee, D. G.; Nishikawa, A.; Terai, Y.; Fujiwara, Y. Appl Phys Lett 2012, 100 (17), –. 
(2) Nishikawa, A.; Furukawa, N.; Kawasaki, T.; Terai, Y.; Fujiwara, Y. Appl Phys Lett 
2010, 97 (5), –. 
(3) Wakamatsu, R.; Lee, D. G.; Koizumi, A.; Dierolf, V.; Terai, Y.; Fujiwara, Y. Jpn J 
Appl Phys 2013, 52 (8), 08JM03. 
(4) Rodrigues, J.; Leitão, M. F.; Carreira, J. F. C.; Sedrine, N. B.; Santos, N. F.; Felizardo, 
M.; Auzelle, T.; Daudin, B.; Alves, E.; Neves, A. J.; Correia, M. R.; Costa, F. M.; 
Lorenz, K.; Monteiro, T. J. Phys. Chem. C 2015, 119 (31), 17954–17964. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 91 
2.5 Crystallinity control of GaN quantum dots for realization of the band edge 
emission 
 
2.5.1 Results and discussion 
GaN crystallinity control via precursor and reaction pathway optimization. 
 
From the results of the InxGa1-xN and the Eu doped GaN QDs, the crystallinity of the 
GaN QDs had to enhance for the stabilization of the lattice structure and the realization of the 
defect free band edge luminescence.1 In this part, we tried for the crystallinity enhancement 
research for the GaN QDs. As described in Fig. 2.28, the metal nitride had more ionic 
character than the metal pnictide (P, and As) and the more covalent character than the metal 
oxide materials.2 Also the Ga metal complex induced the polymerization of the ligand and 
solvent which included the double bond part.3 From these characters, the Ga oleate with 
HMDS condition had limitation for optimization of the crystallinity of the GaN QDs. 
For improvement of the crystallinity of the GaN, the Ga halide utilized as the Ga 
precursor and the metal amide used as the nitrogen source for the inducing the acid-base 
reaction between metal and nitrogen precursor. The dactyl ether used as solvent instead of 
1-octadecene (ODE) from double bond free structure and the higher polarity than ODE. The 
1-octadecyl amine utilized as surface binding ligand to make up for oleylamine for 
preventing polymerization from double bond functional group. From above combination, the 
ionic reaction induced with preventing the polymerization for optimization of the GaN QDs. 
The temperature control test progressed under these ionic reaction condition, the results 
deduced as shown in Fig. 2.29. From room temperature (RT) to 120 ℃ range, the 340 nm 
photoluminescence peak showed, however the Ga vacancy emission of 500 nm peak emerged 
at 240 ℃ condition. After the 240 ℃ range, the 320 ℃ temperature condition showed the 
360 nm single peak emission with suppression of the Ga vacancy emission. The purified 
solution image of the Fig. 2.29 served the obvious differences between the 220 ℃ condition 
and 320 ℃ condition. The 220 ℃ condition showed the dark brown color, which related 
for the Ga metal complex. The 320 ℃ condition showed the transparent and colorless state. 
The GaN and 3.1 eV band gap, which band gap range could not absorb of the visible range 
light. 1,4 The transparent and colorless state was normal for the GaN case. From these above 
tendency, the RT to 220 ℃ conditions were complex state of the Ga halide and metal amide, 
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and the 320 ℃ condition served the GaN QDs from decomposition of the Ga halide and 
metal amide complex. 
For the detail characterization, the TEM utilized as shown in Fig. 2.30. The reaction 
temperature utilized as test value, which composed for the 40 ℃ to 320 ℃ range. At the 
40 ℃ condition, the complex crystal showed from ionic reaction between the GaCl3 and 
LiNH2 salts. At the 120 ℃ to 220 ℃ condition, the Ga and amide complex melted and 
growth for the large sized complex as shown in Fig. 2.30. The crystallinity change of these 
products had singularity point. The product of the 40 ℃ and 120 ℃ range had crystallinity, 
but the product of the 220 ℃ condition composed for the polymeric complex form. At 
320 ℃, the polymeric complex decomposed and changed for the GaN particle forms. The 
GaN QDs had 7 nm size with crystallinity as shown in Fig. 2.30. 
The ligand quantity controlled for optimization of the synthesis condition of the GaN 
QDs. The Fig. 2.31 described the absorbance and photoluminescence results. The absorbance 
results showed the 1st excitonic peak at 340 nm position, and the overdose of the ligand 
quantity induced the blur of the 1st excitonic peak. The photoluminescence peak position 
showed the 350nm, 377 nm, and 355 nm at 1 : 3, 1 : 6, and 1 : 9 condition of the Ga : 
octadecylamie (ODA) ratio. From optical characterization, the GaN QDs had band edge 
emission with Stokes shift. 
The TEM characterization utilized at Fig. 2.32 to define the particle size and shape of the 
various ligand quantity conditions. From the TEM characterization, the synthesis of the GaN 
QDs effected from the ligand quantity. The Ga : ODA = 1 : 6 condition showed best synthesis 
condition. The 1 : 3 condition served the GaN particle with polymeric product, and the 1 : 9 
condition had large quantity of the polymeric complex than GaN particle product. From these 
results, the amine based ligand effected for the synthesis pathway of the GaN QDs. 
For the crystal structure characterization, the XRD utilized as shown in Fig. 2.33. The 
XRD peak showed that the GaN QDs had face-centered cubic (FCC) structured GaN. 
However, the GaN product composed for two kinds of the lattice constant. For the exact 
demonstration, the more study needed. The GaCl3 with LiNH2 complex not all converted for 
the polymeric complex, and then the polymeric complex and the GaCl3 with LiNH2 complex 
decomposed for the GaN QDs. From these two pathways for the making GaN, the different 
lattice constant deduced. 
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From these results, the high crystalline GaN QDs realized from the ionic reaction 
pathway. The GaN QDs had similar optical properties of the bulk GaN materials as shown 
above results. 
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Fig. 2.28 The iconicity differences of the Gallium oxide, Gallium nitride and Gallium 
arsenide materials.2 (left) The polymeric complex and the GaAs QDs from polymerization of 
the solvent and the ligand via Ga metal complex. 
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Fig. 2.29 The photoluminescence result of the Ga-N complex and the GaN QDs. The 
solution image of the Ga complex rich state and the GaN QDs rich state. 
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Fig. 2.30 The TEM image of the various reaction temperature conditions. (40 ℃ to 
320 ℃, the 320 ℃ condition had reflux of the solvent) 
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Fig. 2.31 The absorbance and the photoluminescence of the GaN QDs with various ligand 
quantity condition. (Ligand : octadecyl amine) 
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Fig. 2.32 The TEM of the GaN QDs with various ligand quantity condition. (Ligand : 
octadecyl amine) 
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Fig. 2.33 The XRD result of the GaN QDs. (PDF # : 01-075-2981, 01-088-2364) 
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2.6 Zn3N2 and ZnxGa1-xN quantum dot synthesis for realization of the red, green, 
and blue emitting metal nitride quantum dot 
 
2.6.1 Results and discussion 
Zn3N2 and ZnxGa1-xN QDs synthesis for realization of red to blue band gap. 
 
The famous In and Ga metal nitride had limitation for the full visible range covering from 
limitation of the red emitting. For breaking the limitation of the red emission issue, the 
host-guest type material developed likely the Eu doped GaN.1,2 However, this mid-gap 
mediated red emission had limitation for the fine control of the band gap. For the fine tuning 
of the band gap, the electronegativity control type metal alloy needed as shown in Fig. 2.34. 
From this, the band edge of the metal nitride semiconductor well controlled by metal fraction 
control. The Zn metal utilized for the red shift of the metal nitride QDs instead of the In metal. 
The Zn metal had cheaper than In metal and the Zn based nitride had higher PL-QY than InN 
material.3 
The Zn3N2 QDs synthetic method realized from Taylor et. al.3 The Zn3N2 QDs could 
control band gap for 1100 nm to 600 nm range4,5 from particle size control. However, this 
method utilized dietyl zinc with gas phase NH3 precursors, which precursors had highly 
reactivity and the gas phase nitrogen source had hardness for the exact quantitation. From 
these reactivity and phase issue, we had to find the stable metal precursors and the liquid or 
solid states nitrogen precursor. 
For the realization of above conditions, we utilized the metal amide based nitrogen 
sources with Ga and Zn oleate complex. The metal amide had solid phase and the metal 
oleate complex were stable then organometallic precursor. 
Fig. 2.35 showed the results of the various Zn oleate complex conditions which 
composed for the Zn halide or Zn acetate with oleic acid complex. The Zn halide based oleate 
complex showed low reactivity for the metal amide precursors, however the Zn acetate based 
oleate served higher reactivity than the Zn halide media. 
The sodium amide, lithium amide, and sodium hexamethyldisilazane tested as the 
candidate of the nitrogen source for the nitration of the Zn and Ga. From this experiment, we 
want to find the nitration tendency from the differences of the functional group and the metal 
of the nitrogen precursors. Fig. 2.35 presented that the sodium hexamethyldisilazane induced 
the decomposition for the metal forms, and the sodium amide acted as nitrogen source for the 
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nitration reaction. Also, the lithium amide condition had lower reactivity for the nitration 
reactions than sodium amide case. 
The differences of the reaction tendency between the hexamethyldisilazane group and the 
amide group interpreted from the hard-soft acid-base (HSAB) reaction. The sodium metal 
reacted for the RCOO- groups as shown in Fig. 2.36, and then the Zn-N group formed as 
nuclei. After this reaction, the Zn-N complex grew for the Zn3N2 crystals. The amide 
condition served the easy reaction pathway between the RCOO-Zn-NH2 molecules from well 
matched HSAB condition as shown in Fig. 2.36. From the HSAB reaction, the RCOO- and 
H+ reacted for the CROOH form (hard and hard reaction) and the Zn+ with N- reacted for the 
Zn-N formation (soft and soft reaction). However, the RCOO-Zn-N(Si(CH3)3)2 low tendency 
for reaction each other as shown in Fig. 2.36. 
The kind of the alkali metal induced the particle growth rate of the Zn3N2 QDs. Fig. 2.37 
showed the absorbance and photoluminescence result of the sodium and lithium amide 
condition. The Li condition had blue shifted band gap and broader FWHM with weaker 
photoluminescence intensity the Na condition. The Li metal could react with the Zn3N2 
materials for making the ZnLi alloy form.6 From this tendency, the growth rate of Zn3N2 with 
LiNH2 condition had limitation from the decreasing the growth source and the decomposition 
of the Zn3N2 QDs via residual Li ions. 
The thiol ligand utilized for the optimization of the synthesis pathway of the Zn3N2 QDs 
as shown in Fig. 2.38. The thiol ligand served for the enhancement of the chemical yield, but 
the quality of the Zn3N2 QDs were same for the without thiol condition. The reason was that 
the thiol ligand binding at Zn metal could reduce the non-dispersible product, and then the 
Zn3N2 product quantity increased as described in Fig. 2.39. From this tendency, the thiol 
ligand needed for the stable mass production of the Zn3N2 QDs. 
The Zn3N2 had weakness for the oxidation. From this property, the blue shift emerged via 
the alcohol based conventional precipitation methods. For minimization of oxidation problem, 
the acetonitrile utilized as anti-solvent then alcohol. For the defining the differences of the 
solvent effect, the ZnxGa1-xN and Zn3N2 QDs utilized as the sample, which samples purified 
via methanol and acetonitrile media. The methanol condition showed the same band gap 
condition between the Zn3N2 and ZnxGa1-xZ QDs. (The ZnGaN had blue shifted band gap 
then Zn3N2 from Ga metal alloy) However, the acetonitrile condition showed the band gap 
differences between the Zn3N2 and ZnGaZ QDs. The methanol condition served oxidation 
possibility, which served Zn3N2 particle size decreasing from ZnO shell formation as 
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described in Fig. 2.40. However, the acetonitrile condition prevented oxidation possibility 
from their lower moisture concentration than methanol. 
Fig. 2.41 showed the results of the absorbance and photoluminescence result of above 
experiment. The methanol condition had 530 nm photoluminescence peak position, and the 
acetonitrile condition showed the 610 nm peak condition. From this, the oxidation induced 
the blue shift till the 80 nm.  
From these optimization, the XRD and TEM characterization utilized for defining the 
crystal structure and the particle shape of the Zn3N2 QDs as shown in Fig. 2.42. The Zn3N2 
QDs had 5 ~ 6 nm size with spherical shape with well crystallized as shown in Fig. 2.43. 
From the XRD characterization, the products demonstrated for the Zn3N2 with cubic structure. 
From these characterization, our luminous product confirmed for the Zn3N2 QDs. 
The Ga metal alloy utilized for the band gap control. For the optimization of the alloy 
condition, the Ga oleate, GaCl3, and GaI3 utilized as Ga precursors. For exact comparison, the 
ratio of the metal fixed for the Ga/Zn : 0.2 condition. The Ga oleate condition showed blue 
shift, but the Ga halide condition had smaller blue shift range than Ga oleate condition as 
shown in Fig. 2.44. The Ga oleate condition had 475 nm photoluminescence peak position, 
however the Ga halide precursor condition showed the 590 nm peak position. For the exact 
characterization of these differences, the inductively coupled plasma-mass spectroscopy 
(ICP-MS) utilized. 
The ICP-MS results showed at Fig. 2.45. The Ga oleate results showed the same ratio of 
the initial precursor quantity ratio. However, the Ga halide condition had lower ratio of the 
Ga element than the initial precursor condition. From these results, the functional group of 
the precursor were important factors for the alloy reaction. For the smooth alloy for the band 
gap control, the Zn oleate and Ga oleate precursor combination was optimized condition for 
the ZnGaN QDs synthesis.  
Fig. 2.45 showed the TEM images for identify of the particle shape and size of the 
various Ga precursor condition. The particle size of the ZnxGa1-xN QDs had 7 ~ 9 nm range 
and the particle shape composed for the spherical shape. (Zn/Ga : 0.2) The particle size and 
shape did not affect for the sort of the Ga precursors as shown in the TEM images. From the 
TEM results and the ICP-MS results, we concluded that the band gap change of the 
ZnxGa1-xN caused from the metal alloy not from the quantum confinement effect. 
From the optimization of the metal precursors, nitrogen precursors, and binding ligand, 
the ZnxGa1-xN QDs realized as shown above results. For the demonstration of the 
controllability of the band gap, the Zn and Ga metal ratio controlled. Fig. 2.46 presented the 
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absorbance and photoluminescence results of ZnxGa1-xN QDs. (X : 0.25, 0.5 and 0.75) From 
Ga contents increasing, the absorption edge shifted for the blue range and the 
photoluminescence peak shifted for the 610 nm to 450 nm position. From these results, the 
ZnxGa1-xN QDs could control their band gap via metal fraction control. 
For the characterization of the particle shape and size of the ZnxGa1-xN QDs. (X : 0.25, 
0.5. And 0.75) The particle size showed 5 ~ 7 nm range and the particle shape composed for 
the spherical shape. However, the crystallinity decreased from the increasing of the Ga metal 
ratio. From these results, the reason of the band gap changing of ZnxGa1-xN QDs were that 
the metal alloy ratio changes not from the particle size differences. (Fig. 2.47) 
As described above, the optimization of the combination of the cation and anion with the 
surface binding ligand, we could realization of the luminous metal nitride quantum dots. Also, 
the ZnxGa1-xN QDs served for the red to blue range band gap from their metal ratio control. 
These results showed that the potential of the ZnxGa1-xN QDs as the next-generation 
eco-friendly QDs materials for the various applications. 
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Fig. 2.34 Schematic illustration of the continuous band gap control concept via Ga and 
Zn metal alloy. (Left) The photoluminescence result of the Zn3N2 QDs with various particle 
size condition. (Right) 
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Fig. 2.35 The results of the Zn metal precursor and the nitrogen precursors for synthesis 
of the Zn3N2 QDs. 
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Fig. 2.36 Schematic illustration of the reaction mechanism of the various nitrogen source. 
For explanation of this mechanism, hard-soft acid-base mechanism utilized. 
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Fig. 2.37 UV-vis absorbance and the photoluminescence of the Zn3N2 QDs with LiNH2 or 
NaNH2 condition. 
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Fig. 2.38 UV-vis absorbance and the photoluminescence of the Zn3N2 QDs with various 
thiol contents. The photographic image of the various thiol contents condition. 
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Fig. 2.39 Schematic illustration of the reaction mechanism of the Zn3N2 QDs synthesis 
with various thiol contents condition. 
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Fig. 2.40 Photographic image of the purified ZnGaN and Zn3N2 QDs with methanol 
condition and the acetonitrile condition. Schematic illustration of the oxidation mechanism of 
the Zn3N2 QDs from the residual H2O of the methanol. 
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Fig. 2.41 UV-vis absorbance and the photoluminescence result of the purified Zn3N2 QDs 
solution with the methanol and the acetonitrile condition. 
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Fig. 2.42 The TEM image and the XRD result of the optimized Zn3N2 QDs products. 
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Fig. 2.43 UV-vis absorption and the photoluminescence results of the Zn3N2 QDs with 
various Ga precursor conditions. The photographic image of the Zn3N2 QDs with various Ga 
precursor condition. 
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Fig. 2.44 ICP-MS results of the ZnxGa1-xN QDs with various Ga precursor conditions. 
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Fig. 2.45 TEM images of the Zn3N2 QDs with various Ga precursor conditions. 
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Fig. 2.46 UV-vis absorbance and the photoluminescence results of the ZnxGa1-xN QDs 
with various Zn and Ga ratio (ZnxGa1-xN condition, X : 0.25, 0.5, and 0.75). 
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Fig. 2.47 TEM image of the ZnxGa1-xN QDs with various Zn and Ga ratio (ZnxGa1-xN 
condition, X : 0.25, 0.5, and 0.75). 
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Chapter. III Surface treatment of the CsPbX3 perovskite quantum dots 
for PeQLED application 
 
3.1 Ligand Assisted Post Treatment for Efficient CsPbX3 Perovskite Quantum Dot 
Light Emitting Devices 
 
3.1.1 Experiment concept introduction 
 
Recently, halide based perovskites were intensively studied from their prominent 
optoelectronic properties. They have narrow full width at half maximum (FWHM) 
photoluminescence (PL), high PL quantum yield (PL-QY), and various band gap control via 
simple halide ratio tuning.1-3 The halide perovskites have facile solution processes which 
composed for spin casting, co-precipitation, and colloidal chemistry.2 From these features, 
many researchers applied for high efficiency solar cell4, down conversion PL device3,5, and 
electroluminescence(EL) device6-8 as photoemission materials. 
 
The methyl ammonium lead halide (MAPbX3, X = Cl, I, and Br) based perovskite, which 
most intensively researched material, had prominent optical and electrical properties, but they 
had some limitation related for moisture mediated degradation with photo degradation 
issues.9 For resolving these stability issues, researchers need to find all inorganic based 
perovskite which have similar properties of MAPbX3 perovskite. In these reason, researchers 
find the CsPbX3 based perovskite material, which have all inorganic constitution, easy band 
gap control from halide composition tuning, high PL-QY, and narrow FWHM of PL.3,10 The 
CsPbX3 perovskite had improvement of stability issue from substitution of methylammonium 
construction for cesium. Especially, CsPbX3 perovskite could synthesis not only thin film 
form from spin casting10 but CQDs form via simple hot injection method.3 The CsPbX3 
CQDs had prominent colloidal stability with particle shape uniformity than MAPbX3 CQDs 
from their configuration difference.11 
 
The CsPbX3 PeQDs were conducted for perovskite quantum dot light emitting 
devices(PeQLED) from their high PL-QY, narrow FWHM properties, and facile band gap 
control.3,10,12 From first CsPbX3 PeQLED report of Song et al13, many researchers conducted 
multiple approaches for improvement of PeQLED performance. For improvement of 
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PeQLED, hole injection layer adjustment14 with crosslinking15 were utilized. The hole 
injection layer adjustment utilized from perfluorinated ionomer (PFI) treatment at 
poly(N,N′-bis(4-butylphenyl)-N,N′- bis(phenyl)-benzidine) (poly-TPD) layer for vacuum 
level control of poly-TPD layer for reducing hole injection barrier of CsPbX3 PeQDs 
photoemission layer.14 The crosslingking via trimethylammonium (TMA) vapor deposition at 
CsPbX3 PeQDs layer applied for surface passivation with film coverage improvement.15 
From surface passivation via crosslinking, the external quantum efficiency of red condition 
PeQDs showed 5.7 % from increasing the PL-QY of red condition (90 %) with film coverage 
improvement. 
 
From these results, photoemission efficiency with film morphology of photoemission 
layer and the carrier injection barrier of photoemission layer performed critical factors for 
PeQDs performance improvement. However, the crosslinking had complex fabrication step 
with PL-QY quenching at blue condition from crosslinking based surface passivation. Also, 
the blue condition of CsPbX3 PeQDs had higher electron injection barrier than red and green 
condition from their large band gap, and their lowest unoccupied molecular orbital (LUMO) 
level increasing tendency has higher than highest occupied molecular orbital (HOMO) level 
when blue shift condition from larger halide ion substitution.15 
 
For improvement of photoemission efficiency with reducing electron injection barrier, we 
performed surface defect control for suppression of non-radiative recombination with 
electron injection barrier control of CsPbX3 PeQDs. For improvement of photoemission 
property with colloidal stability, we utilized ligand-assisted post treatment (LAPT) at CsPbX3 
PeQDs solution. The CsPbX3 PeQDs had ionic solid character differ from conventional II-VI 
or III-V group QDs materials. From these ionic character, the capping ligand of CsPbX3 
PeQDs had higher diffuse out rate from PeQDs surface than conventional QDs. For such 
reasons, the surface of the purified CsPbX3 PeQDs were reduced surface passivation from 
capping ligand ratio diffuse out, which induced PL quenching site increasing with poor 
colloidal stability. 16 For reducing diffuse out of capping ligands, we added excess capping 
ligand at PeQDs solution for improvement of photoemission property with colloidal stability 
which step called LAPT. Especially, LAPT served prominent optical and colloidal stability 
improvement via surface passivation regardless of halide species of CsPbX3 for red, green, 
and blue band gap realization. For realization of narrow FWHM electroluminescence (EL) 
spectrum, the coverage of photoemission layer demanded pinhole less surface for minimal 
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empty space which related colloidal dispersion ability of PeQDs for reducing interface 
recombination and/or recombination at carrier injection layer. From LAPT, PeQDs solution 
had better colloidal stability with dispersibility at higher concentration than without LAPT. 
The LAPT with multi-coating for PeQDs layer showed less empty area from improvement of 
colloidal stability for multiple spread without aggregation of PeQDs.  
 
For electrical properties optimization, we applied poly[(9,9-bis(3'-(N,N- 
dimethylamino)propyl)-2,7-fluorene)-alt-2,7-(9,9-ioctyl- fluorene) (PFN) as bipolar 
polyelectrolyte for reducing electron injection barrier of PeQDs layer. When PeQDs layer 
coating at PFN layer, the vacuum level of PeQDs changed from thickness variation of PFN 
layer.17 As mentioned above, CsPbX3 PeQDs showed electron injection barrier increasing 
when blue shift from halide ion change. From PFN treatment, we proposed unity device 
structure for various band gap condition from electron injection barrier minimization. 
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3.1.2 Results and discussion 
 
For realization of various color emitting PeQLED, we applied band gap control 
experiment of CsPbX3 PeQDs. Normally, the band gap methods of PeQDs were composed 
for quantum confinement effect from particle size control and/or halide species control of 
PeQDs.3 For broad band gap tuning with narrow FWHM, halide ion adjustment utilized for 
optical band gap control of CsPbX3 PeQDs. For various band gap embodiment, CsPbI3, 
CsPbBr3, and CsPbBr2.25Cl0.75 composition utilized for red, green, and blue color. From 
the X-ray diffraction (XRD) results of Fig. 3.1(a), the CsPbX3 PeQDs had cubic based 
perovskite lattice structure and the XRD results showed larger angle shift from smaller halide 
ion substitution. The Fig. 3.2 showed UV-vis absorbance with photoluminescence(PL) results 
for optical band gap characterization. The 1st excitonic peak of UV-vis absorbance showed 
blue shift from smaller halide ion substitution and the PL peak maxima position shifted 660 
nm to 475 nm range of deep red to blue condition from halide species control. The Fig. 3.3(a) 
to (c) showed transmission electron microscopy (TEM) images for defining PeQDs size with 
shape of each halide condition. Each condition showed that CsPbI3 of red condition had 8-9 
nm, CsPbBr3 had 7-8 nm, and CsPbBr2Cl1 had 5-6 nm with all condition had cubic shape. 
 
The Fig. 3.4 showed PL with relative PL intensity results for define photoemission 
property change from LAPT at red, green, and blue condition PeQDs. For reducing 
non-radiative recombination from surface passivation ratio increasing, the LAPT utilized at 
PeQDs solution for reducing ligand diffuse out rate. Conventional ligand treatment method 
had excess ligand adding at purification step for reducing diffuse out rate of capping ligand 
from improvement of ligand binding strength.16 However, this method showed reducing 
ligand capping efficiency when ligand passivated purified precipitants were dispersed at pure 
solvent for device fabrication. For reducing diffuse out rate, we applied excess ligand adding 
at PeQDs colloidal solution for device fabrication which step was LAPT. From this LAPT, 
we could control diffuse out and adsorption rate of passivated ligand from Le Chatalier's 
principle. The Fig. 3.4 presented the PL spectrum with relative PL intensity change from 
ligand additive ratio of LAPT solution. From these results, LAPT served photoemission 
property improvement of red, green, and blue condition. These results were similar tendency 
of surface passivated organometal halide perovskite. From surface passivation, the 
non-radiative recombination states were decreased from reducing suppress surface defect 
sites.18 The crosslinking based surface passivation showed increment of PeQLEDs efficiency 
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at red and green condition from improvement of PL-QY of emission layer. However, the blue 
condition showed reduction of PL-QY from crosslinking surface passivation and than 
extremely low PeQLEDs efficiency compared for red, and green condition.15 On the contrary 
to this, the LAPT served improvement of photoemission properties of red, green, and blue 
condition via simple ligand additive. 
 
In the case of PeQLEDs, their active layer composed for particle film. For narrow 
FWHM with pure photoemission from PeQDs, the photoemission layer demanded complete 
film coverage with low roughness condition. For secure excellent film morphology, PeQDs 
demanded good colloidal stability with dispersion ability for prevention of particle 
aggregation when photoactive film fabrication. As mentioned above, the CsPbX3 PeQDs had 
high diffusion rate of capping ligand from their strong ionic character. From this condition, 
the CsPbX3 PeQDs had concentration limitation for maintaining stable colloidal solution state 
without aggregation. For colloidal stability improvement with complete film coverage, we 
conducted LAPT with multi-coating. From LAPT, the morphology of photoemission layer 
showed improvement from superior dispersibility of PeQDs solution as shown in Fig. Sup. # 
(OM image). For detail demonstration of degree of dispersion, we utilized dynamic light 
scattering (DLS) measurement. From LAPT, the PeQDs showed colloidal stability 
improvement for higher concentration condition as shown in Fig. Sup. # .(DLS) The 
multi-coating served opportunity for improvement of film coverage in spite of low 
concentration of PeQDs for prevention of aggregation. From LAPT with multi-coating, we 
could optimization of photoemission layer for higher coverage with low roughness condition. 
 
The Fig. 5 showed device scheme of PeQLED and energy alignment diagram of this 
device. From polar solvent of PFN, we utilized inverted structure for application of ZnO 
layer as bottom layer of PFN as shown in Fig. 3.5(b). Because the CsPbX3 based PeQDs 
were decomposed from polar solvent and the solvent of PFN composed methanol with acetic 
acid. The sol-gel based ZnO film with PFN layer used as electron injection layer and the 
thermal evaporated 4,4′-Cyclohexylidenebis[N,N-bis(4-methylphenyl)benzenamine] (TAPC) 
layer used as hole injection layer. As described in Fig. 3.5(b), the electron injection barrier of 
CsPbX3 PeQDs were showing a tendency to rapid rise than hole injection barrier when larger 
halide insertion mediated blue shift condition. For unity device structure for red to blue 
condition, photoemission layer needed reducing electron injection barrier especially blue 
condition. For reducing electron injection barrier, we applied PFN as bipolar polyelectrolyte 
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for vacuum level control of photoemission layer.17 The Fig. 3.5(b) described vacuum level 
shift tendency of blue condition of CsPbBr2.25Cl0.75 PeQDs from PFN thickness variation. 
From PFN thickness increasing, the electron injection barrier of PeQDs reduced via 
downshift of vacuum level. These tendency of vacuum level shift of PeQDs offered 
opportunity of electron and hole injection balance control from injection barrier control as 
shown in Fig. 3.5. 
 
For PeQLED performance optimization, we approached reducing surface defect with 
electron injection barrier of photoemission layer from LAPT with PFN treatment. For 
demonstration these application, we showed the results of PeQLED which utilized LAPT 
with PFN treatment as shown in Fig. 3.6. The Fig. 3.6(a) showed 
current-voltage-luminescence (IVL) results of blue PeQLED with various LAPT condition. 
From ligand concentration increasing of LAPT solution, the luminance was raised for 2.2 
times with current increasing. From residual ligand ratio increasing from LAPT, the current 
leakage increased from reducing the film density of PeQDs layer. However, from suppression 
of non-radiative recombination from surface passivation of LAPT, the overall efficiencies 
were increased 3 times from their improved photoemission properties. The LAPT served 
surface passivation ratio increasing from prevention of capping ligand diffuse out for 
reducing the quenching site from surface defect site. From effective quenching prevention of 
LAPT, the Fig. 3.6(c) showed that relative low voltage required for reaching luminance 
maximum point with diminished of turn-on voltage. From these device results with relative 
PL intensities of Fig. 3.4, we could demonstrate the relationship between surface defect state 
of photoemission layer and the performance of PeQLED. The LAPT served restrain of 
non-radiative recombination from surface defect state control via suppress of capping ligand 
diffusion rate with regardless of any band gap state. From these property, we could improve 
the device performance of various band gap condition, especially the blue condition as shown 
Fig. 3.6. The Fig. 3.7(a) showed the EL spectrum results of LAPT utilized PeQLEDs. When 
without LAPT, the EL spectrum showed relatively high ratio of interface recombination peak 
(520~620 nm range) which induced broad EL spectra. On the contrary, LAPT applied 
condition showed narrow and PL peak like EL spectra from reducing the quenching site of 
photoemission layer via removal of surface defect site. Apart from blue condition, the red and 
green condition showed similar performance improvement with property change from LAPT 
as shown in Fig. Sup. #. 
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For demonstration of the effect of PFN treatment, we conducted PFN thickness control at 
blue PeQLED which had highest electron injection barrier condition at our photoemission 
layer condition. Fig. 3.7(b) showed current reducing with luminance increasing of PeQLED 
from growth of PFN thickness. The reducing of turn-on voltage indicated reduction of 
electron injection barrier from vacuum level shift as shown in UPS results. In comparison 
with without PFN treatment condition, PFN treatment condition showed 1.5 V reduction of 
turn-on voltage as shown in Fig. 3.7(d). Also, the low injection barrier preserved higher 
luminance results at lower voltage than high electron injection barrier condition. From the 
decline of current results, energy level shift of photoemission layer preserved injection 
balance control of electron and hole and current leakage reducing from carrier injection 
barrier control. The low current with high luminance from PFN treatment, current efficiency 
of PeQLED increased as shown in Fig.8. From these results, we found the importance of 
energy level position of photoemission layer for injection barrier control for low operating 
voltage with electron-hole balance control. Fig. 3.9 showed the EL spectra results of neat 
ZnO condition and PFN treated ZnO condition for photoemission property comparison. The 
neat ZnO condition showed that the interface recombination peak (590 nm) had higher 
intensity than emission of PeQDs active layer for 7 times. Unlike these results, the EL peak 
of PFN treated ZnO condition had the PL peak of PeQDs. From these divergences of EL 
spectra of neat ZnO condition with PFN treated condition, the injection barrier of 
photoemission layer related for recombination region. In case of neat ZnO case, the hole 
overflow for interface between PeQDs layer and ZnO from related low injection rate of 
electron than hole via higher injection barrier of electron than hole. On the contrary of neat 
ZnO case, the recombination zone of PFN treated condition had PeQDs layer. The vacuum 
level shift of PeQDs served prominent and easy route for recombination zone control from 
carrier injection rate control. However, over the 2 mg/mL condition of PFN treatment showed 
reduction of device performance as shown in Fig. 3.6, and Fig. 3.9. These results were 
related for property of PFN. The PFN served vacuum level shift from interface dipole 
property between ZnO and PFN, but the PFN showed tunneling property for electron 
transport from their low electron mobility. From this low electron mobility, over the 5 
mg/mL condition of PFN layer showed reduction of current efficiency, increasing of turn-on 
voltage from resistance increasing of electron injection layer. From these tendency, we 
concluded the optimized condition of PFN was 1 mg/mL for our PeQLEDs. 
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3.1.3 Conclusion 
 
For realization of CsPbX3 based PeQLEDs with single device structure for various band 
gap condition, we conducted LAPT with PFN treatment. From LAPT treatment, we could 
control of diffusion rate control of capping ligand of PeQDs for reducing surface defect. 
From capping ligand media control, the non-radiative recombination ratio decreased as 
shown PL with TCSPC characterization. The LAPT effect had band gap diversity for 
photoemission property improvement of various band gap condition. For reducing electron 
injection barrier of photoemission layer, we treated PFN at ZnO layer. From PFN treatment, 
PeQDs layer showed reducing the LUMO level from vacuum level shift as shown in UPS 
characterization. Also, we demonstrated the turn-on voltage reduction, current efficiency 
increasing, and carrier recombination zone shift. From these photoemission layer 
optimization with electrical property control, we succeed various color tunable PeQLED 
realization. 
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Fig. 3.1(a) X-ray characterization results of red, green, and blue condition. (Red : CsPbI3, 
Green : CsPbBr3, and blue : CsPbBr2Cl1) 
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Fig. 3.2(a) UV-vis absorption spectra with photoluminescence results of red, green, and blue 
condition. (Red : CsPbI3, Green : CsPbBr3, and blue : CsPbBr2Cl1) 
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Fig. 3.3 (a)-(c) Transmission electron microscopy image of red, green, and blue condition. 
(Red : CsPbI3, Green : CsPbBr3, and blue : CsPbBr2Cl1) 
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Fig. 3.4 Photoluminescence spectra of various LAPT conditions. Red (a), Green (b), and 
Blue (c) results. Relative photoluminescence intensity of each condition (d). 
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Fig. 3.5 Device structure of this chapter. (Inverted structured device, a) and the energy 
alignment diagram of this research. (b) 
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Fig. 3.6 IVL results of PFN treated green PeQDs condition. 
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Fig. 3.7 IVL results of PFN treated blue PeQDs condition. 
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Fig. 3.8 Luminance and current efficiency results of red, green, and blue condition of various 
LAPT condition. 
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Fig. 3.9 Electroluminescence spectra of various PFN coating condition of blue emitting 
condition. 
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Fig. 3.10 Simple description of perovskite quantum dot synthesis and their application for 
PeQLEDs with LAPT treatment. 
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3.2 High performance CsPbX3 perovskite quantum dot light emitting devices 
achieved via solid-state ligand exchange 
 
3.2.1 Introduction 
 
The optoelectronic properties of perovskite-based semiconductors have been intensively 
studied. In particular, there has been significant effort toward their application in the field of 
solar cells, with a recently reported high efficiency of 21.2%.1  This is owing to the 
inherently advantageous properties of perovskite materials, for instance, long diffusion length, 
high absorption coefficient, and low ratio of the deep trap site due to the weak exciton 
binding strength.2,3 In addition, focus has also been on down-conversion devices,4 lasing,5 
and electroluminescence devices6 because of the facile band-gap control, narrow full-width 
half-maximum (FWHM) of the photoluminescence (PL) peaks, and a high PL quantum yield 
(PL-QY). 
Among various perovskite materials, two organometallic halides, which are 
organic-inorganic hybrid perovskites composed of methylammonium lead halide (MAPbX3) 
and formamidinium lead halide (FAPbX3) have been actively studied owing to their excellent 
optoelectronic properties. However, the organic-inorganic hybrid perovskites are vulnerable 
to moisture-mediated degradation due to the hydroscopic property of methylammonium and 
formamidinium.7 In order to render the perovskite materials more versatile, it is necessary to 
improve their lifetimes. In this respect, many studies have been devoted to replacing the 
organic part of the perovskite with an inorganic atom like cesium.8,9 
In case of perovskite solar cells, a film-type bulk perovskite has been mainly used for the 
preparation of high-efficiency devices. The bulk-type perovskite is required to have a 
structure that is optimized for separating the electron-hole pairs by maximizing the exciton 
diffusion length.2,3 However, as a candidate for light emitting device (LED), the 
photoemission must be optimized, such that the exciton diffusion length is reduced to 
maximize the radiative recombination of the electron-hole pair.10–12 For effective 
confinement of the electron-hole pairs, it is necessary to reduce the domain size of the 
perovskite. To achieve this, diverse studies are being actively conducted using perovskite 
nanoparticles12,13 and nanoplatelets11,14 as photoemission materials. 
Implementation of CsPbX3 perovskite quantum dots (PeQDs) for LED was initiated by 
Song and colleagues.13 With increasing appeal of the material, extensive studies are directed 
toward achieving efficient PeQD LEDs (PeQLEDs) with bright and narrow 
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electroluminescence spectrum, high external quantum efficiency, and relatively improved 
long-term stability through optimized PeQD thin films, which is critical for optimizing their 
function.13,15–17 As the surface-capping ligands of quantum dots critically influence their 
optical properties, there has been significant attention on the surface passivation of CsPbX3. 
Roo et al. reported that the number of surface defect sites increased as the ratio of the surface 
passivating ligands decreased, leading to a decline in the photoemission.18 Another study 
reported a luminance of 2335 cd/m2 and an external quantum efficiency (EQE) of 0.19% for 
the green emission by crosslinking the PeQDs layer via atomic layer deposition.16 A 
luminance of 206 cd/m2 and an EQE of 5.7% was reported under the same condition, upon 
adding excessive ligands to minimize the rate of diffusion of the ligands from the surface of 
CsPbX3 PeQDs.17 These results demonstrate that the surface ligand binding state directly 
affects the photoemission characteristics of CsPbX3 PeQDs used as the core component of 
PeQLED. 
 Pristine quantum dots (QDs) synthesized in organic solvents are typically protected 
by long-chain aliphatic molecules like oleic acid (OA) and oleylamine (OAm). These 
hydrocarbon chains are electronically insulating, and act as potential barriers in QD-based 
optoelectronic devices. To resolve this, short-chain ligand exchange methods are used for 
developing conventional QDs solar cells, toward reducing the resistance of the photo-active 
layer.19,20,21 However, employing this method to PeQDs is quite challenging, because the 
original capping ligands on the PeQDs are relatively labile and the stability of PeQDs is very 
low during the ligand exchange reaction, which results in poor photoemission properties of 
PeQDs. For preserving the photoemission property of the purified PeQDs, some excess 
ligands are required to improve the adsorption rate of the surface ligands. However, these 
excess ligands enhance the insulating properties of the PeQDs films which fabricated with 
ligand-rich PeQD dispersions. 
Conventional solid-state ligand exchange (SLE) methods involve dropping a solution of the 
short chain ligands in an anti-solvent for QDs onto the surface of a QD film.21 However, it is 
difficult to apply the traditional SLE method for CsPbX3 PeQDs layers, because they are 
prone to decompose when they are in direct contact with hydrophilic anti-solvents such as 
alcohols. 
To resolve these issues, we introduce the concept of SLE with ligand-assisted solubility 
adjustment (LASA) for the optimization of the PeQD layer. LASA involves solubility control 
of the ligands and the resulting ligand-exchanged PeQDs using appropriate solvents during 
the ligand exchange process. LASA provides two advantages for optoelectronic applications, 
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particularly PeQLEDs. First, because of the solubility control between the ligand and solvent, 
the PL quenching of the PeQDs was well-suppressed owing to the prevention of the loss 
surface-bound ligands. Second, from the optimized combinations of the ligand and solvent, 
we could develop a more suitable SLE treatment method for the PeQDs film without using an 
anti-solvent. Owing to these two advantages, LASA could serve as a next generation ligand 
treatment method for optoelectronic applications of PeQDs, particularly PeQLEDs. This 
strategy is also favorable because the stability of the PeQDs layer could be improved 
significantly. Using this method, surface passivation could be achieved without decomposing 
the CsPbX3 PeQDs under the red, green, and blue-emission conditions. Moreover, it was also 
possible to suppress the generation of surface defects on the CsPbX3 PeQD layer and thereby 
further enhance the photoemission. Thus, the fabrication of CsPbX3 PeQLED based on 
PeQDs with short ligands, with dramatic improvement in luminance and current efficiency 
compared to those without the SLE process, could be successfully demonstrated.  
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3.2.2 Results and discussion 
 
In this work, we investigate the effect of the ligand type and length on the optical 
properties of CsPbX3 PeQDs and fabricate thin films of these QDs with improved 
photoemission property from lower surface defect density of PeQDs. In addition, the high 
quality of the thin film morphology achieved as a result of this SLE process led to impressive 
device performance in red-, green-, and blue-emitting PeQLED. The CsPbX3 PeQDs used in 
this work were synthesized via a hot-injection method, as described previously.8 Figure 3.11 
provides a schematic illustration of the ligand exchange process used to fabricate optimized 
thin films of PeQDs. We hypothesized that PeQDs passivated with short rigid ligands might 
be more optically stable due to the dense overcoating of the QDs, and could also 
advantageously influence the PeQLED performance by decreasing the potential barrier of the 
PeQD film after the ligand exchange process, compared to that of the as-synthesized PeQDs 
with long hydrocarbon tails. For this, ligand exchange experiments were carried out using 
ligands with different chain lengths, and it turned out that the solubility of the treated PeQDs 
in hydrophobic solvents could be dramatically modified depending on the ligand length. This 
was adjusted by tuning the ratio of the employed ligands and the polarity of solvents, which 
is essential to fabricate a nanocrystal film with high surface coverage, resulting in the 
superior performance of the PeQLEDs. 
Fig. 3.11(a) and 3.11(b) illustrate the concept of the LASA process employed to prevent 
the dissociation of the ligand from the surface of PeQDs, as well as to tune the colloidal 
solubility via ligand exchange with short-chain ligands. LASA is a pre-treatment step of the 
overall SLE process used for improving the optoelectronic properties of PeQDs film via the 
optimization of the surface defects, based on the solubility of the PeQDs. As shown in Figure 
1(a), the long-chain hydrocarbon ligands such as OA and OAm inherently attached to the 
surface of as-synthesized CsPbX3 PeQDs are quite labile and detach from the QD surface 
during the washing process, generating surface defects on the QDs, which leads to 
undesirable deterioration of the photoluminescence.18 
We found that, in the ligand exchange experiment with short chain ligands including 
aromatic acid/amine, the solubility of the treated PeQDs in hydrophobic solvents gradually 
decreased with an increase in the ratio of the short-chain ligands on the surface of the QDs. 
This indicated that the PeQD with short-chain ligands became more polar than those with the 
original long-chain ligands, resulting in the precipitation of PeQDs when all the long alkyl 
chain ligands were exchanged with the short chain ones. It is worthwhile to emphasize that 
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octane was adopted as a key solvent, because aromatic acid/amine has a low solubility in 
octane, whereas the solubility of long alkyl chain ligands in it is quite high. This implies that 
it is difficult for short chain ligands to diffuse out into the solvent during the ligand exchange 
process and that the surface defects formed by the ligand dissociation can be minimized, 
thereby conserving the high photoemission property (Fig. 3.11(a) and 3.1(b)). Through 
LASA, the optimized ratio of the long chain to short chain ligands to maintain the 
dispersibility of the resulting PeQDs was determined. At this point, we conceived that the 
precipitation of PeQDs could be utilized to fabricate high-quality PeQD thin films with short 
chain ligands. On the contrary, it might be helpful to achieve the SLE process due to the easy 
control of the solubility of CsPbX3 PeQDs. As shown in Fig. 3.1(c), after the optimization of 
the precipitation condition of PeQDs with the designated ratio of short chain ligands, 
as-synthesized PeQDs with long hydrocarbon chain ligands were spin-coated on the substrate, 
and the solution containing short chain ligands was deposited on the PeQDs thin film, 
accomplishing the anti-solvent-free SLE method without the decomposition of PeQDs. 
CsPbX3 PeQDs (X = I, Br, and Cl) were synthesized and the halide ion composition was 
controlled for band gap control.8 Crystal structure characterization was carried out using 
X-ray diffraction (XRD) to determine the halide ion composition (see Fig. 3.16(a)). The 
particle sizes of the CsPbX3 PeQDs were determined by transmission electron microscopy 
(TEM). The results are shown in Fig. 3.17 (Red: 8–10 nm, Green: 9–10 nm, and Blue: 9–10 
nm). Because the particles are cubic, it was possible to confirm that the particles were not 
aggregated before the SLE process (before LASA: Fig. 3.12(a)). However, when LASA 
proceeded by 2.5%, it was possible to confirm the tendency of the particles to connect with 
each other (after LASA: Fig. 3.12(b), and Fig. 3.12(c)). The XRD patterns in Fig. 3.16(b) 
show that the peak intensity corresponding to (200), (210), (211), and (220) planes tend to 
increase slightly after exchange with short-chain ligands. This observation is further 
supported by the fact that the particle-to-particle connection leads to bonding between the 
lattices, as observed in the TEM image which shows an effect similar to an increase in the 
particle size. These results indicate that PeQD solid is formed by the fusion of the lattice 
between individual PeQDs constituting the film, when SLE is performed. 
Fig. 3.12(d) and 2(e) show the FT-IR spectra of CsPbX3 PeQDs exchanged with ligands of 
different chain lengths. Fig. 3.12(d) shows –CH2 and –CH3 symmetric and asymmetric 
stretching vibrations in the range of 2840–2950 cm-1, and –CH2 bending vibration at 1466 
cm-1. Fig 3.12(e) shows two asymmetric vibrations and one symmetric stretching vibration of 
the carboxylic group in the range of 1540 and 1408 cm-1.17 These vibration peaks originate 
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from the carboxylate group of OA and OAm. When the SLE was performed using benzoic 
acid and 4-phenylbutylamine, the ratio of the peak intensities in the range of 2840 –2950 cm-1, 
which are the vibration peaks of the aliphatic group, tend to decrease with an increase in the 
ratio of the short chain ligand. 
Moreover, Fig. 3.12(e) shows the 1395 cm-1 peak corresponding to the C=C vibration after 
the introduction of the aromatic ligand. The results confirm that the peaks become stronger as 
the ratio of the short chain ligand increases. The decrease in the aliphatic C-H vibration peak 
and the appearance of the C=C vibration peak along with an increase in the ratio of the C=C 
vibration peak for a sample subjected to ligand exchange with short chain ligands reveal a 
decrease in the proportion of OA and OAm, which contain the carboxylate and amine groups, 
and an increase in the proportion of the aromatic ligands occur simultaneously. 
To investigate the changes due to short-chain ligand exchange, Fig. 3 shows the changes in 
the optical property according to the ligand exchange ratio. Fig. 3.13(a) shows the 
absorbance and photoluminescence of red, green and blue-emitting CsPbX3 PeQDs (red: 
CsPbI3, green: CsPbBr3, and blue: CsPbBr2Cl) The results confirm that the PL peak 
maximum of the red-emission is 670 nm, that of the green emission is 510 nm, and that of the 
blue emission is 478 nm; and the FWHM of the red emission is 30 nm, that of the green 
emission is 23 nm, and that of the blue emission is 18 nm. Fig. 3.13 (b) shows comparative 
results according to the types of the short chain ligands before and after vacuum treatment in 
a vacuum chamber. This experiment was conducted to confirm that the surface passivating 
ligands can withstand the vacuum condition of the thermal evaporation step during the device 
fabrication step, because the boiling points of the short chain ligands are lower than those of 
the conventional long chain ligands. The experiment was conducted with short alkyl chain 
ligands for direct comparison with OA and OAm used in the past. The short alkyl chain 
ligands have low boiling points, and the binding strength of the perovskite with these ligands 
are weak, as described above. Owing to these properties, the short alkyl chain ligands could 
not withstand the vacuum chamber condition, as shown in Fig. 3.13(b). As shown, the PL 
intensity is directly dependent on the number of carbon atoms, which is related to their 
boiling points. These results confirm that the surface-passivating ligands of PeQDs 
evaporated when the chain length of the ligand (and the corresponding boiling point) was 
below a threshold level; the surface defects increased and the photoemission efficiency 
decreased. Thus, the alkyl chain-based short chain ligands presented limitations in terms of 
reducing the chain length, for the optimization of PL intensities, under vacuum evaporation 
conditions used for the fabrication of optoelectronic devices, especially PeQLEDs. 
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To solve this issue, we searched for a short acid/amine ligand, which has a higher boiling 
point and a shorter chain length compared to those of alkyl chain ligands, and introduced 
aromatic acid/amine ligands which satisfy these properties. The PL intensity of PeQDs was 
compared according to the number of carbon atoms to identify the differences in the PL 
properties after vacuum treatment. Fig. 3.13(b) shows that, aniline, an aromatic ligand with 6 
carbon atoms, exhibited a PL intensity drop of 20% compared to that before vacuum 
treatment, whereas hexylamine, an alkyl ligand with 6 carbon atoms, showed a PL intensity 
drop of 70%, which confirms that the PL intensity drop is lower with aniline. Furthermore, 
the carbon number that yielded an unchanged PL intensity after vacuum treatment was found 
to be 12 in the aromatic ligand, compared to 18 in the alkyl chain ligand. According to the 
molecular structure shown in Fig. 3.13(b), the chain length of the aromatic ligand is shorter 
than that of the alkyl ligand. Results of these studies are shown in Fig. 3.18 to 3.20 of the 
supporting information. These results showed that for a ligand to be used in PeQLED 
fabrication by SLE, using an aromatic acid/amine as ligands is more suitable than using alkyl 
chain acid/amine. Fig. 3.13(c) shows the changes in the relative PL intensity according to the 
ratio of the short chain ligand. A series of aromatic acid/amine were used in this study and 
the ligand contents were adjusted on a µmol scale. Controlling the ligand quantity led to an 
increase in the PL intensity by 201% for the red emission, 208% for the green emission, and 
230% for the blue emission, compared to those without the ligand passivation condition. 
However, the results indicated a tendency of reduction in the PL intensity induced by the 
decomposition of PeQDs above a threshold level of ligand content, and in case of the red 
emission, the PeQDs lost the PL properties due to decomposition. As shown in Fig. 3.13(d), 
a time-correlated single photon counting (TCSPC) analysis was conducted to obtain 
information on the surface defect level control by the short-chain ligand exchange. The aim 
of this analysis was to investigate the variation in the exciton lifetime according to the 
passivation ratio of the short chain ligands. Fig.3.13(d) shows the results from TCSPC 
analysis, confirming that the exciton lifetime tends to increase from 5.7 ns to 6.3 ns as the 
ratio of the passivating ligand increases. An increase in the exciton lifetime implies that the 
proportion of the exciton quenching that constitutes non-radiative recombination is reduced, 
and the decrease in the quenching rate with increasing passivation ratio implies that the short 
chain ligand passivation effectively suppresses the surface defect level. Owing to increased 
surface passivating ligands, the decay curves changed from the multi-exponential to single 
exponential (Fig. 3.13(d)). These PL decay curvature transitions indicate that the surface 
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defect sites of PeQDs were suppressed via surface passivation of PeQDs after the aromatic 
ligand treatment.23 
As shown in Figure 3, the study could reveal the aromatic short chain ligand system that 
effectively suppresses the surface defect level even after subjecting to vacuum treatment. The 
current results can predict that the SLE can be used 1) to increase the surface passivation of 
PeQDs, 2) to decrease the surface ligand length of PeQDs constituting the active layer, and 3) 
to enhance the overall optoelectronic property of the active layer by the formation of PeQDs 
solid via particle-particle connection. 
Fig. 3.14 illustrates the concept of PeQLED with SLE. Based on the optical 
characterization results shown in Fig. 3.13, the study was further aimed to demonstrate the 
possibility to optimize the photoemission property of PeQLED through surface passivation 
by the SLE with LASA when the electroluminescence device condition is applied in 
comparison to the conventional long chain ligand condition. For the device structure in this 
study, ITO/PEDOT:PSS/PeQDs/TPBi/LiF/Al, which is a regular QLED structure was used, 
as illustrated in Fig. 3.14(a). Using this device structure, the results confirmed that the 
electroluminescence spectrum such as the PL peak with the red, green, and blue emissions 
can be implemented, as shown in Fig. 3.14(b), because the electron injection ratio is similar 
to the hole injection ratio, and thus, the carrier recombination zone without the luminescence 
from the carrier injection layer can be confined to the active layer. As shown in Fig. 3.14(d), 
the results confirm that PeQLED implementation with various colors ranging from red to 
blue is possible. By adjusting the surface passivating ligands of the PeQDs constituting the 
active layer in this PeQLED structure (Fig. 3.14(c)), this study is further aimed to confirm 
whether the enhanced photoemission property achieved by the short chain ligand passivation 
shown in Figure 3 as well as changes in the device performance owing to improved electronic 
property due to PeQDs coupling shown in Fig. 3.12 could be valid in various band gap 
conditions by halide ratio control. 
Fig. 3.15 shows the current-voltage-luminance (IVL) results of PeQLED under the green 
condition after subjecting to SLE. To confirm the effect of SLE, PeQLED experiments were 
conducted by increasing the ligand content of the SLE solution from the state without SLE. 
As the ligand concentration in the SLE solution was increased, the ratio of the short chain 
ligand passivation increased. Fig. 3.15(a) shows the corresponding luminance/voltage 
characteristics; the luminance increases as the short chain ligand content increases. Under the 
condition without SLE, the luminance increases from 821 to 1889 cd/m2 after SLE, implying 
that the luminance increases by 230% after SLE. The results are similar to the 
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photoluminescence characterization results shown in Fig. 3.13(c). These results suggest that 
the surface defect level control (photoemission property control) of the active layer directly 
influences the photoemission property of PeQLED. Fig. 3.15(c) shows the current/voltage 
characteristics, confirming that the current density tends to decrease as the SLE treatment 
progresses. The decrease in the current with an increase in the short chain passivation ratio is 
due to the decrease in the current leakage according to the increase in the packing density of 
PeQDs with increasing particle-to-particle connection, as shown in Fig. 3.12. Fig. 3.15(d) 
shows that the increase in the current efficiency is due to the increase in the luminance and 
the decrease in the current leakage, which are induced by the SLE. Fig. 3.15(d) confirms that 
there is an improvement in the current efficiency from 0.82 corresponding to a device without 
SLE to 6.28 cd/A after SLE. The current efficiency is enhanced by 765% after SLE. In 
addition to the current green emission shown in Fig. 3.15, the red emission shown in Figure 
S6 confirms that the luminance increases by 333% from 65 to 217 cd/m2 after SLE and the 
current efficiency increases by 200% (from 0.42 to 0.84 cd/A). Furthermore, Fig. 3.22 
confirms that for the blue emission, the luminance increases by 472% from 7.62 to 36 cd/m2 
after SLE and the current efficiency increases by 244% from 0.045 to 0.11 cd/A. These 
results are obtained due to the improvement in the photoemission property of PeQDs by short 
chain passivation through SLE as well as the improvement in the electronic property due to 
the coupling of lattices through increased particle-particle connection. The improvement in 
the optoelectronic properties is applicable to all halides, not limited to a specific halide. 
Using these properties, optimization of the active layer of color-tunable PeQLED can be 
easily and effectively performed, as shown in Table 1. 
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3.2.3 Conclusion 
 
 In conclusion, optimization of the properties of the PeQD layer via ligand exchange, 
which was introduced to improve the surface and electrical properties of CsPbX3 PeQDs was 
achieved. LASA was utilized under colloidal state in an appropriate solvent for preventing 
the ligands from diffusing out of the QD surface via solubility control, and the PeQD films 
were subjected to SLE for minimizing the surface defects and insulating properties. An 
inherent issue in the conventional pristine CsPbX3 PeQDs is the diffusion of the surface 
passivation ligand into the colloidal suspension after the purification step, which reduces the 
photoemission efficiency. In order to resolve this, we intended to decrease the rate of ligand 
diffusion from the QD surface by adding excess ligand. However, the residual ligand 
remaining in the PeQDs film is not favorable for the device performance. In order to 
minimize the surface passivation issue and the residual ligand in the PeQDs layer, we 
employed SLE. In the conventional SLE process, the solubility of the QDs layer need not be 
considered, because it involves short-chain ligand exchange with the aid of an anti-solvent. 
However, because the CsPbX3 PeQD layer tends to decompose in the anti-solvent, it was 
necessary to devise a method for applying SLE under a solvent condition that is used for the 
colloidal suspension. For this purpose, we developed a method to control the solubility of the 
CsPbX3 PeQDs layer by LASA. PL and TCSPC measurements were performed to examine 
the surface passivation properties of the CsPbX3 layer after subjecting to SLE. The results, 
i.e., enhanced photoemission properties, confirmed the reduction in the surface defect sites 
due to the improvement in the surface passivation properties. Finally, CsPbX3 PeQDs 
subjected to SLE was used as a photoemission layer of PeQLED to confirm the effect of 
surface passivation. The PeQLED showed enhanced photoemission property under the red, 
green, and blue emission conditions, thereby demonstrating the favorable impact of SLE 
based on LASA. 
 
 
 
 
 
 
 
 
 149 
Experimental method 
 
Synthesis of CsPbX3 PeQDs: Unless otherwise noted, all syntheses were performed under 
purified argon atmosphere in a M. Braun glove box or standard Schlenk line techniques. A 
stock solution of the cesium-surfactant complex was prepared by reacting cesium carbonate 
(5 mmol), of oleic acid (16 mmol), and of stearic acid (8 mmol) in 1-octadecene (ODE, 8 ml) 
under vacuum with vigorous mixing and heating up to 120 °C. The lead halide precursor 
solution was prepared by dissolving of lead halide source (0.188 mmol) (PbI2 for red PeQDs; 
PbBr2 for green PeQDs; and PbBr2: PbCl2 = 2:1 for blue PeQDs) in ODE (5 ml) under 
vacuum, increasing temperature to 120 °C in approximately 1 h. When the temperature of the 
solution reached 120 °C, OA (0.5 mL) and OAm (0.5 mL) were added and the resulting 
solution was heated to a target temperature (150 °C for red PeQDs, 160 °C for green PeQDs, 
and 165 °C for blue PeQDs) and then the stock solution (0.2 mL) containing cesium was 
quickly injected into the batch solution and 3 s later, the reaction mixture was rapidly 
quenched to room temperature using an ice bath, thereby preventing further reaction. The 
resulting crude mixture was purified by centrifugation with an excess of the anti-solvent, and 
precipitation. For the purification of the CsPbX3 PeQDs, a precipitation/re-dispersion method 
was employed. The crude solution was precipitated by centrifugation, and the flocculated 
CsPbX3 PeQDs were redispersed in benzene. 
Solid-state ligand exchange of CsPbX3 PeQDs: The exchange solution containing the 
short-chain ligand was prepared by mixing the acid (0.4 mmol) and the amine (0.25 µmol) in 
octane and benzene co-solvents (octane: benzene = 9:1, net volume was 1 mL). For SLE, 
various ligand solutions with different chain lengths and boiling points, including alkyl 
amines (hexylamine, octylamine, and hexadecylamine) and aromatic amines (aniline, 
phenethylamine, and 4-phenylbutylamine) were prepared in optimized co-solvent condition. 
The resulting solutions of the short-chain ligands were spin-coated onto the PeQD films at 
2000 rpm, under inert atmosphere in the glove box. The residual ligands on the PeQDs film 
subjected to SLE were removed by rinsing with benzene at 2000 rpm using a spin coater. 
Characterization of the CsPbX3 PeQDs: The morphology, crystal structure, and 
composition of the CsPbX3 PeQDs were determined by high-resolution transmission electron 
microscopy (HRTEM, JEOL, JEM-2100F), X-ray diffraction (XRD, Rigaku, D/MAZX 
2500V/PC, Cu-Kα radiation source, λ = 0.15418 nm), and Fourier transform infrared 
spectroscopy (FT-IR, Perkin Elmer, Elan DRC-II). The optical properties of the CsPbX3 
PeQDs were evaluated by UV-visible spectroscopy (UV-Vis, Agilent), room-temperature 
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solution PL spectroscopy (Agilent), and time-correlated single photon counting (TCSPC, 
Pico-quant) techniques. 
Time-correlated single photon counting (TCSPC) experiments: The PL decays of the 
CsPbX3 PeQDs were investigated using time-correlated single photon counting (TCSPC) 
measurements. The picosecond pulsed diode laser (Pico-quant LDH 375), with a ∼40 fs 
pulse width and 80 MHz repetition rate, was used as the excitation source. A TCSPC module 
(Pico-quant, FluoTime 300) was used for the ultrafast measurement of the PL decay. The 
total instrument response function (IRF) for the PL decay was less than 140 ps, and the 
temporal resolution was less than 10 ps. The deconvolution of the actual fluorescence decay 
and the IRF was performed using a curve-fitting software (FlouFit, Pico-Quant) to determine 
the time constant associated with each of the observed exponential decays. 
Device fabrication and characterization: The fabricated PeQLEDs had the following 
structure: ITO/PEDOT:PSS (40 nm)/PeQDs (40 nm)/TPBi (40 nm)/LiF (1 nm)/Al (100 nm). 
The hole injection layer with the thickness of 40 nm was prepared by spin-coating a 
PEDOT:PSS solution (AI4083, Clevios) on the ITO-coated glass substrate at 4000 rpm, and 
then annealed at 150 °C for 30 min. For the preparation of light emitting PeQDs films, the 
CsPbX3 PeQDs solution (30 mg/mL in a co-solvent containing octane and benzene, octane: 
benzene = 9:1) was spin-coated onto the PEDOT:PSS layer at 3000 rpm for 30 s. A 
40-nm-thick TPBi was thermally deposited at a deposition rate of ~1–1.5 Å s-1 as the electron 
injection layer. Finally, 11-nm-thick LiF and 100 nm-thick Al layers were sequentially 
thermally evaporated on top of the TPBi layer to serve as the cathode. The 
current-voltage-luminance characteristics of the PeQD-LED were measured using a Keithley 
2400 source measurement unit and a luminance meter (Minolta, CS-100A). The EL spectra 
were recorded using a Fiber Optic Spectrometer. (K-MAC, SV 2100). 
adjustment (LASA); time-correlated single photon counting (TCSPC). 
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Figure 3.11 Schematic illustration of the solid-state ligand exchange concept based on short 
aromatic ligands. (Alkyl chain ligand: soluble in octane and benzene, aromatic ligand: 
insoluble in octane and soluble in benzene) [LASA: (a) and (b), and SLE: (c)]. 
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Figure 3.12 Characterization of the shape and surface of the perovskite quantum dots. TEM 
image of the perovskite quantum dots subjected to SLE: (a) Pristine PeQDs (b) 2.5% SLE 
treatment condition, (c) and 5% treatment condition. (d, e) FT-IR spectra of the 
ligand-exchanged quantum dots for defined surface states; (d) shows the overall peak shape 
and shift and (e) shows the 1300 to 1800 cm-1 range to demonstrate the emergence of the 
peak at 1395 cm-1 after ligand exchange. 
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Figure 3.13 Optical characterization of ligand exchanged PeQDs. UV–vis absorbance and 
photoluminescence spectra of red, green, and blue PeQDs. (a) Relative PL intensity of red-, 
green-, and blue-emitting PeQDs; (b) PL intensity vs. ligand quantity; and (c) PL intensity vs. 
ligand chain structure with the number of carbon atoms varied; (d) TCSPC with respect to 
ligand quantity. Red: CsPbI3, green: CsPbBr3, and blue: CsPbClBr2. 
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Figure 3.14 Device concept. (a) Energy diagram of a regular PeQDs device. (b) 
Electroluminescence spectra of red-, green-, and blue-emitting PeQDs devices. (c) Schematic 
illustration of the long alkyl chain ligand passivated QDs and short aromatic ligand 
passivated QDs. (d) Digital photograph showing various color emissions from the devices. 
Red: CsPbI3, green: CsPbBr3, and blue: CsPbClBr2. 
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Figure 3.15 PeQLED device characterization. (a) Luminance/voltage characterization; (b) 
current efficiency, and (c) J-V curves under various SLE condition; (d) luminance and 
current efficiency tendency of green condition. 
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Table 1. Summary of the PeQLED device performance for devices with red-, green-, and 
blue-emitting CsPbX3 PeQDs films subjected to SLE 
PeQDs Color 
EL peak 
(nm) 
C. Eff.            
(cd A-1) 
Lmax               
(cd m-2) 
CsPbI3 Red 660 0.84 217 
CsPbBr3 Green 510 6.28 1889 
CsPbBr1Cl2 Blue 484 0.11 36 
Measurement condition : Ambient air condition, and w/o encapsulation 
Cell area : 4.75 x 10-6 cm2 
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Figure 3.16 X-ray diffraction (XRD) characterization. XRD patterns of red-, green-, and 
blue-emitting PeQDs. (a) Red: CsPbI3, green: CsPbBr3, and blue: CsPbClBr2 long alkyl 
chain-passivated PeQDs with short aromatic ligand-passivated PeQDs. (b) [XRD patterns of 
PeQDs with alkyl chain ligands: OA with OAm and aromatic ligands: benzoic acid with 
4-phenylbutylamine.] 
 
 
 
 
 
 
 
 
 
 
 
 160 
 
 
Figure 3.17 Perovskite quantum dot size characterization. TEM images of red (a), green 
(b), and blue (c) condition. Red: CsPbI3, Green: CsPbBr3, and Blue: CsPbClBr2, Size: 9–10 
nm. 
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Figure 3.18 Vacuum test of various alkyl chain ligands. UV–vis absorbance (a), 
photoluminescence of CsPbBr3 before vacuum treatment (b), and after vacuum treatment (c). 
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Figure 3.19 Vacuum test of various aromatic based ligands. UV–vis absorbance (a), 
photoluminescence before vacuum treatment (b), and after vacuum treatment (c). 
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Figure 3.20 Vacuum test of various aromatic ligands. Photoluminescence properties of 
green-emitting PeQDs with ligands of various chain lengths for direct comparison of 
emission characteristics before and after vacuum treatment. 
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Figure 3.21 PeQD device characterization. Luminance/voltage characterization (a), current 
efficiency (b), and J-V curves of various PeQDs subjected to SLE with various ligand 
contents. CV curves and luminance as a function of ligand content for red-emitting CsPbI3. 
(d) luminance and current efficiency tendency of red condition. 
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Figure 3.22 PeQDs device characterization. Luminance/voltage characterization (a), 
current efficiency (b), and J-V curves of various PeQDs subjected to SLE with various ligand 
contents. CV curves and luminance as a function of ligand content for blue-emitting 
CsPbClBr2. (d) luminance and current efficiency tendency of blue condition. 
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Fig. 3.23 PeQDs device characterization. Luminance / voltage characterization (a), Current 
efficiency (b), and J-V curve of various SLE treatment condition. (blue condition, 
CsPbClBr2) 
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Conclusion 
 
This research results consisted for synthesis of luminous QDs, surface treatment and their 
light emitting device applications. For research and development of QDs field, the III-V 
group based QDs and PeQDs were chosen as model system. 
The synthesis of metal nitride III-V QDs project launched for development of 
next-generation eco-friendly QDs materials. The initial project is the InxGa1-xN QDs 
synthesis via colloidal chemistry. From this research, the green to blue emissible InxGa1-xN 
QDs developed via simple hot injection method. Also, the QLEDs well demonstrated via this 
metal nitride based colloidal QDs. These results were state-of-the-art at the metal nitride QDs 
field. 
However, the initial synthetic condition of Ga based metal nitride QDs showed low 
crystallinity which produced from metal oleate complex with HMDS condition. From this 
crystallinity issue, the InxGa1-xN QDs faced limitations for realization of red color emission 
from In and Ga metal ratio control. Also, the low crystallinity issue served up defect state 
between the HOMO level and LUMO level, the GaN QDs showed multi-emission from band 
edge level and defect level. For correct this crystallinity issue, the ionic precursor system 
utilized under remaining colloidal synthetic conditions. From converting for the salt based 
precursors, the crystallinity of the GaN QDs improved as shown in GaN chapter. Also, these 
better crystalline products served the band edge state luminescence and 1st excitonic 
absorption peak from removing the defect state. From these results, we found that the ionicity 
of the materials were important factor for design of the synthesis pathway. 
The green and blue emitting metal nitride were realized, but the red emitting condition is 
not yet developed. For realization of the red emitting condition, two strategies utilized as 
described below. Firstly, the Eu metal doping introduced for inducing energy transfer via 
forming the mid-gap state of Eu. Secondly, the metal alloy utilized for band edge level 
control via overall electronegativity control. 
As the beginning step, the Eu metal insertion applied for utilization of the host-guest 
energy transfer. From this host-guest energy transfer, the Eu doped GaN QDs showed the red 
emission. However, we found that this Eu doped GaN system had some limitation from the 
low crystallinity of the GaN QDs. Because, this GaN QDs synthesized via Ga_oleate with 
HMDS media which condition served low crystalline product. From this low crystallinity 
issue, the host-guest energy transfer efficiency had limitation. The Eu metal alloy served 
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positive effect when the Eu metal ratio is less than 15 % for the Ga metal ratio. Because the 
Eu metal alloy served slightly enhancement of the crystallinity of the host materials (GaN). 
However, from the large atomic size of Eu, the lattice structure of the GaN collapsed via the 
Eu contents increasing over 15 % for the Ga ratio.  (atomic size : Eu > Ga) From this lattice 
structure crumble issue, the Eu metal alloy strategy had marginal utility for realization of the 
red emitting metal nitride quantum dot. Also, the Eu doping concept served the fixed mid-gap 
state for producing the red emission. This fixed mid-gap state served limitation for fine 
tuning of the band gap of the metal nitride QDs. 
For the fine tuning of the band gap for red emitting metal nitride QDs, the Zn and Ga 
based nitride QDs developed. The In based metal nitride showed very weak 
photoluminescence properties. Also, the cost of the In metal is expensive. From these reasons, 
the Zn based metal nitride semiconductor choose for the candidate of the next-generation 
QDs material. From Zn and Ga ratio control, the band edge level changed from overall 
electronegativity alternation of the cation elements. For the optimization of the nitration, the 
reactivity of the metal precursors and the nitrogen precursors controlled for optimization of 
the nitration reaction. Also, the thiol based soft ligand tried for stabilization of the Zn based 
metal nitride QDs synthesis. From these results, the reaction of the nitration under 
wet-chemical media well explained via hard-soft acid-base (HSAB) reaction. As shown Zn 
nitride chapter, we could develop the red to blue emissive metal nitride quantum dot synthetic 
method. (Band gap range : 610 nm - 450 nm, Zn and Ga metal ratio control) 
Simultaneously, synthesis of the perovskite QDs and their surface treatment tried for the 
optimization of the optoelectronic properties. The perovskite based QDs had prominent 
optoelectronic properties with easy fabrication process for synthesis of high quality QDs. In 
this dissertation, the surface engineering of perovskite QDs focused for optimization of the 
photoluminescence properties. For the development of the surface treatment of the perovskite 
QDs, the CsPbX3 PeQDs selected as a model system. The PeQDs has weak surface binding 
affinity with the ligands which induced surface defect site increasing via striping of the 
surface binding ligands. From this motivation, ligand assisted post treatment (LAPT) and 
ligand assisted solubility adjustment (LASA) with solid-state ligand exchange (SLE) concept 
introduced. 
Firstly, the excess ligand added for preventing the diffusing out of the surface binding 
ligands when before perovskite light emitting device fabrication. (Excess ligand composed 
for oleic acid with oleylamine) From this post treatment, the photoluminescence properties of 
the CsPbX3 PeQDs enhanced than pristine purified conditions via prevent the striping of the 
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surface of the QDs. Also, this LAPT step served improvement of the device efficiency via 
reducing the surface defect site as described at LAPT chapter. From this result, the surface 
defects were direct related for device performance. However, the LAPT utilized oleic acid 
and oleylamine as excess ligand. This long chain based excess ligands remained at PeQDs 
films. These excess residual ligands caused increasing of the electrical resistance of the films. 
For correcting the surface striping issue with residual ligand at PeQDs film, the LASA 
methods proposed. From solubility control between ligand and solvent, the diffusing out of 
surface binding ligand well prevented, and served prominent optical properties. Also, the 
solubility of the PeQDs films were well controlled from this LASA step. The main 
differences of the LAPT and LASA is that the surface capping ligands species. For the 
maintaining the surface passivation with removing the residual ligands, the alkly short chain 
ligands utilized as surface passivating ligands. However, the alkyl based short chain ligands 
could not endure the vacuum chamber condition for thermal evaporation from their low 
boiling point. To correct this evaporation issue, the short aromatic acid/amine based ligands 
introduced. The aromatic acid/amine had higher boiling point than alkyl based short chain 
ligands. From this boiling point differences, the aromatic ligand condition was well 
withstanding under vacuum chamber media. As described LASA chapter, anti-solvent free 
SLE methods realized from LASA and from this, the efficiency of the PeQLED improved 
over 7 times. 
As described above results, this dissertation described about the various luminous 
quantum dot synthesis methods with their surface engineering for quantum dot based light 
emitting device applications. From this interdisciplinary of the synthesis and the device 
application, we could get fast feedback of the problems of each field. These interdisciplinary 
problems served the good subjects for my research. 
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기점으로 울산에서 연구를 시작하면서 참 다양한 일이 많았던 것 같습니다. 첫 번째로 
제게 양자점 이라는 분야를 연구할 수 있는 기회를 주신 박종남 교수님께 진심으로 
감사의 말씀을 드리고 싶습니다. 처음에 합성에 대해 아무런 지식도 없는 제게 좋은 
아이디어를 끊임없이 주시며 실험의 기초와 논리를 전개해 나가는 방법에 대해 아낌없이 
알려주셨습니다. 처음 102 동 2 층의 학생 오피스에서 자리 잡고 있을 때, 교수님께서 
직접 논문을 들고 학생에게 찾아오셔서 지도해 주시는 모습은 그 당시 제게 큰 
충격이었습니다. 그리고 외부 분석을 진행할 때나 소자 협업을 위하여 출장을 나갈 때 
같이 가 주시면서 많은 도움을 주려고 노력해 주셔서 감사합니다. 언제나 부족한 
제자였지만 따뜻한 격려와 올바르게 이끌어 주시려고 많은 노력을 해 주신 모습은 
울산을 떠난 이후에도 잊지 못할 것 같습니다. 
 처음 연구실에 자리잡았을 때 많은 도움을 주신 박대철, 양창진, 윤기철, 김충호 
선배들께 감사의 말씀을 드립니다. 연구를 시작하기 위해 장비 사용부터 기숙사 배정 
까지 도와주셔서 조금이라도 빨리 울산 생활에 적응한 것 같습니다. 선배들의 관심이 
없었다면 새로운 장소에서의 연구가 쉽지 않았을 것 같습니다. 그리고 실험을 진행할 때 
많은 도움을 준 최창훈, 주진환, 김태윤 에게도 감사의 말씀을 드립니다. 처음 입학 후 
창훈이의 도움이 없었다면 울산에서의 적응 뿐 아니라 처음 실험의 기초를 잡아갈 때 더 
많은 어려움이 있었을 것 같은데, 창훈이의 도움 덕분에 조금이라도 더 빨리 연구에 
적응을 한 것 같습니다. 그리고 언제나 웃으면서 함께 일을 진행해 준 진환이에게도 
감사의 말씀을 드립니다. 어떤 힘든 상황에서도 웃음을 잃지 않으면서 선배 및 
후배들에게 아낌 없는 조언을 해 주었기 때문에 저도 함께 힘을 내서 연구를 진행할 수 
있었습니다. 항상 먼 길을 왕복하며 힘든 시간을 함께 보내준 김태윤 에게도 감사의 
말씀을 드립니다. 학부 인턴 시절부터 끊임없이 실험에 필요한 소재를 합성하면서 
광주와 울산을 직접 오가며 연구를 진행해 준 열정이 있었기에 오늘의 저의 모습이 
있다고 생각합니다. 그리고 실험실의 안정적인 운영을 위해 힘써준 김현홍, 김성환, 
김현중, 우선영 에게도 감사의 말씀을 드립니다. 실험실의 상황이 힘들어도 언제나 
위기를 극복하려고 노력하여 오늘의 실험실이 있었다고 생각합니다. 그리고 기숙사에서 
퇴사 당했을 때 도움의 손을 뻗어준 서동우 에게도 감사의 말씀을 드립니다. 덕분에 
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힘든 시기를 무사히 그리고 따뜻하게 보냈습니다. 언제나 본인의 자리에서 최선을 다해 
준 최용훈, 김강용, 한임경, 방은별 에게도 감사의 말씀을 드립니다. 
 광주과기원에서 연구를 진행할 수 있게 기회를 주신 이창열 박사님께도 깊은 감사를 
드립니다. 이창열 박사님께서 도움을 주지 않으셨다면 다양한 분석 및 발광 소자에 대한 
연구를 진행하는데 많은 시간이 소요되었을 것입니다. 언제나 따뜻한 격려와 모든 
지원을 아끼지 않고 제공해 주셔서 원하는 연구를 마음껏 진행한 것 같습니다. 언제나 
감사드립니다. 그리고 광주과기원 동기인 박유신 박사님, 이진호 박사님께 감사의 말씀을 
드립니다. 두 분의 도움이 없었다면 광주과기원에서 빠른 분석을 진행하지 못하여 
연구에 많은 시간이 지체되었을 것 입니다. 언제나 신경 써 주시고 좋은 토의를 해 
주셔서 감사합니다. 언제나 제가 힘들 때 연락해 주시고 항상 정신을 붙잡고 있도록 
도와주신 남상훈 박사님께도 감사의 말씀을 드리고 싶습니다. 석사 과정부터 박사 
과정까지 전반적으로 가이드를 잡아 주셔서 잘 버틴 것 같습니다. 
 고려대학교에 재학중일 때부터 많은 영감과 도움을 준 원도영 선배에게도 감사의 
말씀을 드립니다. 중간에 힘든 일이 있을 때 마다 따뜻한 질책을 통해 도움을 주셔서 
오늘의 제가 있다고 생각합니다. 그리고 언제나 힘든 일이 있을 때 마다 도움을 준 
이태희 에게도 감사의 말씀을 드립니다. 좋은 일이 있을 때에는 진심으로 축하해 주고 
나쁜 일이 있을 때에는 함께 공감해 주었기에 모든 과정을 잘 마쳤습니다. 
 박사 예비심사 및 학위 논문 심사 때 많은 조언을 해 주신 오준학 교수님, 손재성 
교수님, 박혜성 교수님, 그리고 서관용 교수님께 감사의 말씀을 드리고 싶습니다. 
교수님들께서 해 주신 따뜻한 조언 덕분에 많은 것을 배울 수 있는 좋은 시간이었습니다. 
학위 이후에도 교수님들께서 해 주신 조언 대로 좋은 연구자가 될 수 있도록 더욱 
노력하도록 하겠습니다. 
 그리고 언제나 저를 믿어주시고 응원해 주신 부모님 및 서근한 에게 감사의 말씀을 
드립니다. 대학원에 다니면서 바빠져서 가족에게 신경을 많이 써 드리지 못했는데도 
불구하고 언제나 아낌없는 지원과 응원 덕분에 무사히 학위를 마친 것 같습니다. 언제나 
감사드립니다. 
 마지막으로 광주에서 부터 울산까지 긴 학위 기간을 기다려 준 이정곤 에게 감사의 
말씀을 드립니다. 언제나 힘이 되어주고 의지 할 수 있는 역할을 해 주었기에 여러 
어려움을 이겨내고 학위를 무사히 마쳤습니다. 언제나 감사합니다. 
 이 외에도 제게 도움을 주신 여러분들 덕분에 인생의 한 계단을 올라갈 수 있었습니다. 
길을 잃어버릴 지는 몰라도 언제나 앞으로 조금씩 나아가는 모습을 보여드리겠습니다. 
감사합니다.                                                   -17년 12월 울산에서- 
